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Abstract
The commercial success of a new product is influenced by the time to market. Shorter product lead-
times are of importance in a competitive market.This can be achieved only if the product
development process can be realised in a relatively small time period. New cutting inserts are
developed by a time consuming trial and error process guided by empirical knowledge of the
mechanical cutting process.

One of the state-of-the-art efforts in manufacturing engineering is the finite element simulation of
the mechanical cutting process. These computational models would have great value in increasing
the understanding of the cutting process and in reducing the number of experiments which
traditionally are used for tool design, process selection, machinability evaluation, and chip
breakage investigations. This thesis focuses on the development of a finite element model for the
cutting process, which can predict chip formation, cutting forces, temperature and pressure
distribution on the tool-chip interface and the residual stresses of the work piece. The work is
concentrated to handle the large and localised deformations, chip formation and contact and
friction.

Two basically different modelling approaches have been used for the chip separation, geometrical
and physical model. The physical model has been found to be more suitable to simulate the chip
formation. The geometrical model is based on the separation of a pre-defined crack path at a certain
limit of stresses. In the physical model the chip formation occurs through the plastic deformation of
the elements. The excessive element distortion is handled by frequently updating the finite element
mesh, using the advance front technique for generation of quadrilateral elements. The adaptive
meshing is managed using the error measures based on the stress gradients in the finite element
mesh and also the plastic work rate at each element. The automatic control of the mesh quality is
managed by using the distortion metric. The implemented combined penalty-barrier contact
algorithm has been found to be efficient in conjunction with the adaptive remeshing. 

The effect of previous cutting on chip formation and the surface residual stresses has been studied.
The chip formation is not affected much. There is only a minor influence from the residual stress on
the surface from the first cutting on the second pass chip formation. Thus, it is deemed to be
sufficient to simulate only the first pass. The influence of the cutting speed and feed on the residual
stresses has been computed and verified by the experiments. It is shown that the state of residual
stresses in the work piece increases with the cutting speed.

Keywords: Adaptivity, Contact algorithm, Finite element method, Friction, Large deformation,
Mechanical cutting, Paving, Residual stresses 
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CHAPTER 1 Introduction

The study of metal cutting focuses on the features of the behaviour of tool and work materials that
influence the efficiency and quality of cutting operations. Development of cutting tool materials has
held a key position. The technology of metal cutting has been improved by contributions from all
the branches of industry with an interest in machining. Productivity has been increased through
replacement of carbon tool steel by high-speed steel and cemented carbide which allowed cutting
speeds to be increased by many times. The special properties required for cutting machine steel at
high speed have led to the development of the most advanced tool materials. This development
continues today with the use of ceramic with multiple coating technology and ultra-hard tool
materials. Machine tool manufactures have developed machines capable of making full use of the
new tool materials, with computer control (CNC), and transfer machines greatly increase the output
per worker employed. Tool designers have optimised the shape of tool to give long tool life at high
cutting speed. Lubricant manufactures have developed many new coolants and lubricants to
improve surface finish and permit increased rates of metal removal.

Today, metal cutting is a very large segment indeed of our industry. The car industry, electrical
engineering, railways, shipbuilding, aircraft manufacture and the machine tool industry itself, all
these have large machine shops with many thousands of employees engaged in machining.
Therefore, in order to further increase efficiency and reduce costs it is necessary to improve our
understanding of the metal cutting process. 
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1.1 Background
The commercial success of a new product is strongly influenced by the time to market. Shorter
product lead-times are of importance for industry in a competitive market.This can be achieved
only if the product development process can be realised in a relatively small time period. However,
the development of new cutting inserts is usually occurred through the time consuming trial and
error iterations, caused by limited, mostly empirical knowledge of the mechanical cutting process.
Usually, the material removal occurs in a highly hostile environment with high temperature and
pressure, in the cutting zone. this make the study of cutting process very complicated. 

The objective of metal cutting studies is to establish a predictive theory that would enable us to
predict cutting performance such as chip formation, cutting force, cutting temperature, tool wear,
and surface finish. The ultimate objective of the science of metal cutting is to solve practical
problems associated with efficient material removal in the metal cutting process. To achieve this,
the principles governing the cutting process should be understood. A knowledge of these principles
makes it possible to model, simulate and thereby to predict the practical results of the cutting
process and thus to select the optimum cutting conditions for each particular case. 

One of the state-of-the-art efforts in manufacturing engineering is computer simulation of the
machining process to predict power requirements, cutting forces, chip formation and residual
stresses using numerical models. The finite element method has been used. These computational
models would have great value in increasing the understanding of the cutting process and in
reducing the number of experiments which traditionally are used for tool design, process selection,
machinability evaluation, and chip breakage investigations.

1.2 The cutting process
Metal cutting is a process where components are arranged so that the applied external force causes
the fracture, Figure 1.1. This fracture occurs due to the combined bending stress, the component S,
and the shearing stress due to compression, Q. The presence of the bending stress in the
deformation zone distinguishes the process of metal cutting from other deforming and separating
manufacturing process. System consideration of the metal cutting process reveals that the
competition between deformation hardening and thermal softening in the deformation zone
constitutes a cyclical character of the chip formation process. As a result, the parameters of the
cutting system vary over each chip formation cycle. 
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FIGURE 1.1  The interaction between tool rake face and the chip. The penetration force P
acts on the chip, causing the compressive force Q and the bending force S.

The orthogonal metal cutting process, is the focus in the present work, Figures 1.2. The chosen
geometry provides a reasonably good modelling of the chip formation on the major cutting edge of
many metal removal processes such as turning, milling, drilling, sawing, grinding, etc. One of the
important parameters in the orthogonal metal cutting process is the rake angle, γ, between the face
of the cutting tool and the plane perpendicular to the cutting direction. The magnitude of rake angle
has significant affects on the performance of the cutting tool, chip formation and the integrity of the
cut surface.

FIGURE 1.2 Schematic sketch of Orthogonal cutting with used notations
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1.3 Aim and scope of the present research
The main objective of the research presented in this thesis is the development of a finite element
tool to give a better understanding of the cutting process. The effect of the cutting parameters on the
tool and the workpiece, as the process zone will be studied in detail. Additionally, the residual stress
state of the workpiece will be calculated.

Different finite element modelling and simulation approaches for the cutting process will be
developed and evaluated. The chosen geometry (orthogonal cutting) makes it possible to use a 2-D
model. Experiments will be performed in order to evaluate the numerical method. 

In order to obtain an accurate prediction of mechanical cutting process, the finite element model
should be able to deal with the following physical phenomena:

* Extremely large and localised deformations
* Crack initiation and chip formation
* Contact and friction
* Complex material behaviour due to thermal and viscous effects
* Ductile and brittle fracture

Different finite element codes are evaluated. The commercial FE code, ABAQUS/ Standard
(implicit), for general analysis and special code for cutting simulation, AdvantEdge (explicit),
together with a research code, SiMPle (implicit), are used. The focus has been to develop SiMPle to
become an efficient tool for simulation of mechanical cutting process. The adopted constitutive
model in ABAQUS [63] and SiMPle is the elasto-plastic von Mises model. In the model with
AdvantEdge a power viscosity law with constant rate sensitivity [62] was used. The present thesis
concentrates to resolve the first three problems: large and localised deformations, chip formation
and contact and friction.
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CHAPTER 2 Metal cutting mechanics

The major deformations during the machining process are concentrated in two regions close to the
cutting tool edge. These regions are usually called the primary and the secondary deformation zone,
see Figure 2.1. The primary deformation region extends from the tip of the cutting tool to the
junction between surface of the undeformed work material and the deformed chip. The work piece
is subjected to large deformation at a high strain rate in this region. The heat generated is due to 

FIGURE 2.1 Computed strain-rate (a) and heating (b) in deformation zones during 
orthogonal cutting of AISI 1045. The cutting speed is 198 m/min and feed is 0.25 mm.

(a) (b)
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the plastic deformation. At the secondary deformation zone, heat is generated due to the plastic
deformation and friction between the cutting tool and the chip.

The secondary deformation zone may be divided into two regions [52,61], the sticking region and
the sliding region, Figure 2.2. In the sticking region, the work piece materials adheres to the tool
and shear occurs within the chip, the frictional force is high and so is also the heat generation. This
will be treated more in detail later in the current chapter. The highest temperature in the chip usually
occurs in the sliding region.

FIGURE 2.2 Definition of the primary and the secondary deformation zone and the sliding 
& sticking region.

2.1 Cutting forces
The cutting forces vary with the tool angles, feed and cutting speed. Knowledge about the forces
acting on the cutting tool may help the manufacture of machining tool to estimate the power
requirement. 

The force components in lathe turning can be measured in three directions, Figure 2.3. The
component of the force acting on the rake face of the tool, normal to cutting edge, in the direction
OY is called the cutting force Fc. This is usually the largest force component, and acts in the
direction of the cutting velocity. The force component acting on the tool in the direction OX,
parallel with the direction of feed, is referred to as the feed force, Ff. The third component, acting in
OZ direction, push the cutting tool away from the work in the radial direction. This is the smallest
of the force components

Chip

Sliding
region

Sticking
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deformation zone
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deformation
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work piece

Insert
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FIGURE 2.3 Cutting forces acting on the tool in a semi-orthogonal cutting

2.2 Metal cutting
The major concern in dealing with fracture of engineering materials is to define conditions under
which material should not fracture or fail in service. In contrast, in metal cutting, the opposite effect
is desired, how to fracture the material with a minimum effort. Therefore, the studies of the fracture
process in metal cutting applications should answer how the cutting parameters may be optimised
to result in crack initiation and propagation in the work piece. Fracture consists of two phases,
initiation and propagation. It is usually classified as ductile or brittle fracture. Brittle fracture
[12,22] is characterized by a rapid rate of crack propagation with no gross plastic deformation. The
tendency for a brittle fracture increases with decreasing temperature and increasing strain rate. It is
understood that, in metal cutting, this is the best type of fracture, as it minimizes the consumed
energy and tool wear. Toughness should be considered of prime importance [2], among other
important parameters characterizing the behaviour of a material in cutting. The toughness of a
material is defined as its ability to absorb energy in the plastic range. One way of studying
toughness is to consider it as the total area under the stress-strain curve [12] in a tensile test. This
area is an indication of the amount of work per unit volume which must be done on the material to
cause its fracture. The total work [2] per unit volume done in cutting Wc may be defined as follows:

Wc = τf .γ (EQ 2.1)

 where,  τf is the shear stress at fracture, and γ is the final true shear strain. 

Y

Z

O X
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Two important conclusions can be drawn from this equation. First, the specific work done in cutting
depends on the fracture true shear strain, because the shear stress at fracture of the strain-hardened
work piece material depends also on this strain. Second, the high temperatures and strain-rates that
occur in cutting will affect τf and must therefore affect Wc.

2.3 Influence of temperature on cutting process
The effect of temperature on the stress-strain relationship and the flow and fracture properties is
well known. In general the strength of the material decreases and ductility increases as the
temperature is increased. 

In cutting operation the heat transfer is strongly dependent on the cutting velocity. At very low
cutting speeds there may be adequate time for conduction to occur. At the other extreme, at very
high cutting speeds there is nearly no time for heat conduction and adiabatic conditions may exist
with high local temperatures in the chip. For the work piece material of AISI 1045 and the cutting
data as presented in Table 2.1, the estimated time for a microvolume to pass the deformation zones
is about 350 µs. Since this is extremely short time, the heat conduction can be neglected. Zorev [61]
and Shaw [48] assumed adiabatic conditions. This means that heat generated in the primary
deformation zone and the average temperature T in this region are proportional to the specific work
for metal removal Wc. This proportionality is shown in Figure 2.5 and 2.6. The increase of
temperature in the chip is related to the increase of plastic deformation and thereby Wc. The average
temperature can be calculated as:

(EQ 2.2)

where ρ is the density of work piece material, c is the specific heat and T0 is the temperature prior to
deformation. The computed heat generation is shown in Figure 2.4. The temperatures within the
primary deformation zone vary from about 500o C, close to the cutting tool, to about 150o C around
the point F. 

TABLE 2.1 Cutting data for AISI 1045

Cutting speed v 3.3 ms-1

Feed f 0.25 mm

Chip thickness ratio Λ 1.98

Contact length lc 0.58 mm

Chip velocity vc = v/Λ 1.67 ms-1 

T
Wc

ρc
------- T0+=



                                                                                                                                                             9

     Influence of temperature on cutting process      

FIGURE 2.4 Computed heat generation for AISI 1045. The cutting speed is 198 m/min and 
the feed is 0.25 mm. P1 to P8 illustrates the path of a microvolume passing through the 
deformation zones.

FIGURE 2.5 The computed temperature in deformation zones. P1 to P6 are shown in Figure 
2.4
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FIGURE 2.6 The computed plastic strain in deformation zones. P1 to P6 are shown in 
Figure 2.4

2.4  Chip formation
There are four types of chips that can be formed in metal cutting process, Figure 2.7. The
discontinuous chip is formed by a fracture mechanism when brittle materials are cut at low cutting
speeds. The continuous chips are formed without a built-up edge on the tool. This is characteristic
for cutting ductile materials under steady-state conditions. However, long continuous chips cause
handling and removal problems in practical operations. Under conditions of low cutting speeds
where the friction between the chip and the rake face of the tool is high the chip may weld to the
tool face. This accumulation of chip material is known as built-up edge. Finally the last type of the
chips are macroscopically continuous chips consisting of narrow band of heavily deformed material
alternating with larger regions of relatively undeformed material. These shear localized chips can
be formed when the yield strength of the work piece decreases with temperature, under the proper
conditions, rapidly heated material in a narrow band in front of the tool can become much weaker
than the surrounding material, leading to localized deformation. This type of chip is obtained when
cutting hardened and stainless steels and titanium alloys at high cutting speeds.

A

B
C D E F
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FIGURE 2.7 Four basic types of chips: (a) discontinuous, (b) continuous, (c) continuous 
with built-up edge, BUE (d) shear localized.

The stress in front of the cutting edge is increased when the cutting tool starting to advance into the
work piece [3], see Figure 2.8-a. When this stress reaches a certain maximum limit, the following
may happen:

 * If the work piece material is brittle, a crack appears in front of the cutting edge which it finally 
causes fracture, Figure 2.8-b.

 * If the work piece material is ductile, a certain elastoplastic zone forms in the work piece, Figure 
2.8-c. The dimensions of the plastic and elastic parts of this zone depend on ductility of the work 
piece material.

FIGURE 2.8 Cutting tool starting to advance into the work piece. 

However, two issues are important for the determination of the fracture, the first is where the
fracture occur and the second what type of fracture (brittle or ductile). It is shown [2] that the

a                                                              b

c                                                              d

                                                                                  P                                        P                                      P

(a)                                      (b)                                     (c)



     Metal cutting mechanics

12

limiting stress in the work piece material may occur in one of two regions, Figure 2.9. They are
region A, along the surface separating the work piece and the layer being removed, and region B,
along the surface of maximum combined stress.

FIGURE 2.9  Zones where the limiting stress can occur 

Region A is a region of high combined shear and normal stress. The shear stress stems from the
direct action of the cutting edge whereas the normal stress is due to the “tearing off” a layer of metal
when the material of the chip is forced upwards. Consequently, the deformation level here is high
due to high intensity of the plastic flow of the material in the presence of a crack. It is believed that
fracture in metal cutting starts [2] from region A, and further development depends on a given
combination of the mechanical properties of work piece material, tool geometry, and cutting regime
used.

2.5 Tool-chip interface
Friction along the tool-chip contact during the cutting process is a very complex phenomenon. The
friction influences the chip formation, built-up edge formation, cutting temperature and tool wear.
Therefore it is necessary to understand the friction mechanism across the faces and around the edge
of the tool, in order to be able to develop accurate models for cutting forces and temperature.

The Coulomb friction model state

τ = µ σ (EQ 2.3)

where τ is the frictional shear stress and σ is the normal stress to the surface. Usually the friction
coefficient µ is assumed to be constant for a given interface. However, this proportionality results
from the fact that real solid surface is not completely flat on a molecular scale and the contact area

B

A
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is much smaller then the apparent area of the sliding surfaces. The solids is in contact at the top of
the hills, Figure 2.10. 

FIGURE 2.10 The contact area at low contact pressure

In the metal cutting the contact pressure at the tool-chip interface will become several times the
yield stress of the work piece material, Figure 2.11. In this extreme case, the real contact between
the tool and work piece is so nearly complete over a large part of the total area of the interface, that
sliding at the interface is impossible [52]. Therefore, the frictional force becomes that required to
shear the weaker of the two material across the whole interface. This force is almost independent of
the normal force, but is directly proportional to apparent area of contact, a relationship directly
opposed to that of classical friction concepts.

FIGURE 2.11 Computed pressure in orthogonal cutting of AISI 1045. The cutting speed is 
198 m/min and feed is 0.25 mm.
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CHAPTER 3 Numerical procedure

3.1 Finite element formulations
It is obvious that the cutting process requires a large deformation analysis. The deformations and
strains are extremely large. The use of remeshing is discussed later in this chapter. Furthermore, it
requires the simultaneous calculation of temperatures and deformations. The high rate of material
flow makes it possible to assume adiabatic heating. This assumption makes it possible to directly
compute the temperature increase in a point due to the plastic dissipation at that point. Then no
finite element solution of the field equation for the heat conduction is required. This assumption has
been used in [27]. This approach cannot be used if the cooling to room temperature is needed in
order to evaluate residual stresses of the work piece. Some analyses have been done using a coupled
thermal-mechanical analysis. Then a heat conduction analysis is coupled with the mechanical
analysis. A so-called staggered approach is preferred and has been used in [8,33,41,49]. 

The mechanical analysis can be performed using different formulations. Each formulation has its
advantages and disadvantages. There is the possibility to treat the material as a non-Newtonian
fluid. This is called a flow formulation. Thus no elastic strains are included in the material model
and residual stresses cannot be obtained directly. This approach has been used in [8,40,47]. The
more general option is the solid formulation where the material is modelled by the usual
constitutive equations for solid material. 

There exists a large number of different constitutive models. There exist two main types of methods
for the temporal discretisation. The explicit, conditionally stable, method. This is a fast method but
the limit on the time step is related to the time it takes for an acoustic wave to pass through the
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smallest element. It is a dynamic analysis in the sense that it only uses a mass matrix and computes
the change in displacements from the current acceleration. It is an effective method as the mass
matrix is always lumped and thereby there is no need to solve a set of coupled equations. It cannot
be used easily to obtain steady state results. However, it has been used with success for solving
strongly non-linear problems where inertia is negligible by artificially increasing the density and
thereby make it possible to take larger time steps [31]. Owen et al. [41], Marusich [33] and
Hashemi [19] have used this approach. The other, more general option is to use an implicit finite
element code. The length of the time step is then governed only by accuracy requirements. On the
other hand, a set of coupled equations must be solved. This method can be used with or without a
mass matrix. It has no problem in computing steady state response. This type of formulation has
been used in the cutting simulations in [22,27-28,56]. 

Different material models options have been used in simulations of cutting using the solid
formulation. The material has been treated as rigid-plastic by [19,32]. This choice makes it possible
to compute cutting forces but no residual stresses can be obtained. Others have used a thermal
elastic plastic material model with or without rate dependency. The plastic behaviour was assumed
to be rate-dependent in [33,37,41,47].

It is preferred to have more linear elements in non-linear problems compared to fewer high order
elements as the plastic deformation implies a more rapid changing deformation behaviour. A high
order element enforces a higher degree of continuity in the solution. Furthermore, the large
incompressible plastic strains can give locking effects for low order triangular elements in 2-D and
tetrahedron elements in 3-D [5,9]. Therefore, well known codes like the public domain codes NIKE
and DYNA from Lawrence Livermore National Laboratory has only linear quad elements in 2-D
and hexahedron elements in 3-D. The four node quads with reduced integration for the volumetric
field are used in the present work. The four node quad element is also used in
[8,22,28,32,37,41,47,49,56]. The six node triangular elements are used in [33,47]. 

3.2 Contact algorithms
Two main algorithms for solving contact problems are presented; the penalty approach
[11,16,20,36,43,44,55], and the method of Lagrangian multipliers [36]. Laursen and Simo [29] also
describe a combined method called the augmented Lagrangian technique. Other procedures, such
as the perturbed Lagrangian method [26,50], can also be applied. Other important issues are
associated with contact detection [4,16-18,39]. The latter is simpler with lower order elements and,
also for this reason these low-order elements are popular. Many of the low-order contact
formulations have origins in the none linear slide-line procedure presented by Hallquist [16-18]. In
relation to these techniques, important issues are associated with the use of one-pass or two-pass
algorithms. In particular, Taylor and Papadopoulos have shown [51] that a two-pass formulation is
essential if the contact path test [10] is to be passed. Additional special procedures have been
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developed for the explicit integration method [16,4,17,18], as momentum-related techniques in
which modifications are made to the acceleration, velocities and displacements. One of the aims of
the latter is to avoid the penalising effect on the time step of the explicit procedure, which can be
introduced by the high stiffness, associated with penalty approaches.

Normal forces are obtained by insertion of a contact stiffness when a material point on 'slave'
surface penetrates into the target body 'master', in the penalty formulation. However, the
impenetrability condition of contact bodies is not exactly fulfilled in the penalty approach. This
may cause significant changes in surface behaviour, which in turn causes divergence. A further
disadvantage of the penalty approach is that, in the early iterations, while a node is oscillating
between being in and out of contact, the convergence characteristics can be very bad. One way of
alleviating the numerical difficulties is to avoid sudden change in stiffness that occurs when a
previously contacting node moves out of contact. This can be achieved using a method proposed by
Zavarise et al. [57], which combines a penalty procedure with a barrier method [13].

In contrast to the penalty formulation, the Lagrangian multiplier algorithm ensures exact
satisfaction of the required contact constrains [10]. The multipliers can be interpreted as contact
forces. However, there are other disadvantages. First, there is the need to increase the number of
variables with the Lagrange multipliers, and secondly special care must be taken when solving the
equations, as the diagonal terms in the matrix for these extra equations are zero. However, it is
possible to combine the penalty and Lagrangian multiplier methods, the augmented Lagrangian
technique [13,29], with the aim of retaining the good merits of each approach. One of the main
advantages of using this method rather than the penalty algorithm is the sensitivity of the latter to
the selection of the penalty stiffness. If the penalty parameter is too high, then a very poor
convergence rate may result. While one can reduce the penalty parameter to avoid ill conditioning,
the inevitable consequence is penetration and hence a violation of the real physical situation. This
can be avoided by using the augmented Lagrangian method.

The augmented Lagrangian formulation, and combined penalty-barrier formulation are
implemented in this study. The penalty formulation was found most convenient. The contact
algorithm is implemented as a two-pass formulation. Each side of the contact is in turn treated as
the master surface. The stick-slip formulation [10] was implemented for contact friction. The
thermal contact uses a contact resistance when the surfaces are in contact. No radiation is included
in the heat transfer between the surfaces. 

3.3 Adaptivity and remeshing
The need of adaptive strategies for large deformation finite element computations is undeniable.
For many cases, adaptivity is an essential tool to obtain accurate numerical solutions. It will also
reduce the required computational effort needed to achieve this accuracy. This is the case, for
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instance, with problems in non-linear solid mechanics involving localised large strains. Mesh
adaptivity is divided into three different types of categories, h-adaptivity, p-adaptivity and r-
adaptivity. H-adaptivity consists on changing the size h of the finite elements. The new mesh has
different number of elements and the connectivity of the nodes is changed. In p-adaptivity the
degree of the interpolating polynomials is changed. R-adaptivity consists of relocation of the nodes,
without changing the mesh connectivity.

Mesh adaptivity, for an efficient meshing, requires two essential ingredients, a tool for assessing the
error of the solution computed with a given mesh and an algorithm to define a new spatial
discretisation. A widely used error estimator was proposed by Zienkiewiecz et al. [59-60]. McDill
et al. [35] and Hyun et al. [23,46] proposed a generic error estimate for linear elements based on the
gradients of displacement or heat flux. The error is associated with the gradients which are
discontinuous at interelement boundaries. This means that a mesh would be refined where large
differences in the gradients exist between elements. Marusich and Ortiz [33] proposed to use the
plastic work rate in each element in order to refine the finite element mesh in cutting simulations.
This option convey to capture the plastic deformation of the work piece material. Owen et al. [41]
proposed an error estimator based on the rate of fracture indicators. This should not only capture the
progression of the plastic deformation but also provide a fine mesh at regions of possible material
failure. Owen discussed also other error criteria based on total plastic work, uncoupled integration
of Lemaitre’s damage model and total damage work. All this criteria was followed by using the
procedure originally proposed by Zienkiewicz and Zhu [60].

The delaunay triangulation for generating six-noded quadratic elements was used by Marusich et al.
[33] and Sekhon et al. [47]. Refinement of the mesh in [33] was executed by adding more nodes to
elements which satisfy the plastic work rate criteria. A hierarchical adaptive mesh scheme [15],
used in this study, provides an efficient way to change the mesh density by refining/coarsening a
given mesh and facilitates data transfer. This so-called graded element reduces the required
computational effort by locally grading the mesh where large gradients in the solution occur. This
does not reduce the element distortion.

Mesh adaptivity is also important for reducing the distortion of the elements as this is a large
problem in simulating the mechanical cutting process, using a Lagrangian finite element
formulation. Then tools for assessing the element distortion and for remeshing are needed. A
frequent updating of the mesh in which the element topology is either changed, or preserved is
required. In the present studies, h- and r-adaptivity are combined; this is necessary as it was found
that the application of r-adaptivity only is not sufficient to maintain the mesh quality. During the r-
adaptivity or smoothing process the nodes are shifted to more favourable positions [23-24]. The
most useful smoothing technique in the current application is the so-called opti-smoothing
algorithm [24], where one tries to optimise the node positions using an element distortion metric
[38]. One disadvantage for this method is the time consuming optimization procedure. A combined
Laplacian-area weighted method [23-24] has been adopted for the smoothing process, in this study.
The smoothing technique is also combined with an h-adaptive remeshing using the implemented
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hierarchical adaptive mesh scheme [15] in order to provide a dense mesh near the tip of the moving
tool. These procedures are applied regularly during the simulations. However, it is also necessary to
completely regenerate the mesh now and then. The advance front technique [6-7] for generating a
quadrilateral FE-mesh was used for this. 

3.3.1 Local refinement

The graded quadrilateral element proposed by McDill [34] is used in this study. The 4 to 8-noded
grading quadrilateral is shown in Figure 3.1. Nodes 1 to 4 are mandatory while nodes 5 to 8 are
optional midedge nodes.

FIGURE 3.1 Numbering of 4- to 8-noded graded element

The midedge nodes can be added in any required combination and no constraint equations or
associated matrix operation are needed. The compatibility is inherent in the piece wise bilinear
shape functions. These are formulated in a straightforward manner using the standard rules for
isoparametric elements, Table 3.1. 

TABLE 3.1  Shape functions for a 2-D graded element

Node P (ξ , η)

8 0.5 (1 + ξ) (1 − |η|)

7 0.5 (1 −  |ξ|) (1 − η)

6 0.5 (1 −  ξ) (1 − |η|)

5 0.5 (1 − |ξ|) (1 +  η)

4 0.25 (1 + ξ) (1 −  η) − 0.5 (P7 + P8)

3 0.25 (1 − ξ) (1 −  η) − 0.5 (P6 + P7)

2 0.25 (1 − ξ) (1 +  η) − 0.5 (P5 + P6)

1 0.25 (1 + ξ) (1 +  η) − 0.5 (P5 + P8)

ξ

η

52 1

3 7 4

6 8
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The presence of midedge nodes affects the basis corner nodes on that edge. Therefore, the shape
functions should be evaluated in order from P8 to P1. If a node is not active then the value of the
shape function and its derivative are zero everywhere, i.e., all subsequent to the shape function is
removed.

Propagation of refinement in a graded mesh is illustrated in Figure 3.2. If a vertex node in the
element to be refined is also a midedge node in a neighbour then the refinement must propagate into
the neighbour. The neighbour may in turn initiate propagation in its neighbours etc. 

FIGURE 3.2 Propagation of refinement. a) Original mesh b) Mesh after propagation

The parent element may be refined in two direction, then four new children are created, Figure 3.3-
a. However, in practical application of the finite element method the elements might be elongated
due to the locally extreme deformation. Then it might be beneficial to divide the element in such a
way that a better aspect ratio would be obtained, Figure 3.3-b.

 

FIGURE 3.3. Refinement scheme in a) x- & y-direction b) x-directions

    (a)                                       (b)

(a)

(b)
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3.3.2 Adaptive mesh management

The adaptive remeshing is managed by using two different error estimation criteria simultaneously.
The plastic work rate and a generic posterior error estimate based on the gradients in finite element
mesh are used.

The plastic work rate criteria was used to capture the progression of the plastic deformation in the
primary and the secondary deformation zone, Figure 3.4. The plastic power density in each
element, , and the averaged plastic power of the finite element mesh, , are given by

 (EQ 3.1)

(EQ 3.2)

where  is the effective stress and  is the plastic strain rate and n is the total number of elements
in the FE-mesh. The refinement procedure is manage by comparing the with the averaged
plastic power of the finite element mesh as,

(EQ 3.3)

where βe is the proportionality factor for each element. When the βe reaches a certain problem-
dependent value then the element will be refined.

FIGURE 3.4 The mesh refinement using the plastic work rate criterion
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The generic posterior error estimate proposed by Hyun & Lindgren [23] was used. This criterion
was applied to control the mesh density at the region of cutted work piece material in order to
capture the region with high stress gradient, Figure 3.5-b.

The error measures are related to the gradients of the stresses. The local error, el, is based on the
difference between the local FE computed stresses and the exact solution, Eq. 3.4. Since the exact
stresses are not available during the FE analysis the σexact is replaced by the smoothed continuous
gradient field σsm, Eq. 3.5. The smoothed gradients are obtained by averaging the nodal gradients
from the Gauss points. 

  el = σexact - σFE (EQ 3.4)

el = σsm - σFE (EQ 3.5)

where σsm is the smoothed value from the finite element analysis. The local error measures are
compared with the global error measures, Eq. 3.6, to manage the adaptive process. 

(EQ 3.6)

These two error measure criteria are frequently used during the simulation of mechanical cutting in
the current studies, Figure 3.5.

FIGURE 3.5 The refined finite element mesh based on a combination of the plastic work 
rate and the displacement gradients. a) Error based on the plastic work rate b) Refined 
mesh
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3.3.3 Global remeshing
The advance front technique [6-7] for mesh generation has been found most convenient in
simulating mechanical cutting, using Lagrangian finite element formulation. The need of mesh
regeneration is evaluated at the start of each increment by computing the elements distortion with
respect to the shear angle and elongation. This is managed by using the distortion metric proposed
by Oddy [38]. It is given as,

(EQ 3.7)

where

(EQ 3.8)

n is the dimension of the problem. This metric is size and orientation independent and combines
effects of stretching and shearing of elements. 

The advance front technique, so called paving, is an iterative procedure. The elements are added
one by one to the meshing area along the exterior paving boundaries, Figure 3.6. 

FIGURE 3.6 A simple paving sequence and the paving boundaries
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As the elements are added, fronts may be subdivided or closed when they are filled by the last
element. When the number of fronts is equal to zero, mesh generation is completed. The size of
elements is decided by the adjacent edge length of the exterior paving boundary, Figure 3.7 and Eq.
3.9. 

(EQ 3.9)

FIGURE 3.7 Calculation of desired element size

The propagation of paving boundaries occur through a number of operations which are necessary to
ensure the mesh quality. These operations could be summarized as below.

• Row choice. The beginning and ending node of the next sequence or row of elements to be 
added is found.

• Closure check. A check is made to ensure that more than six nodes remain in the paving 
boundary. 

• Row generation. The next row of elements identified in the row choice step is incrementally 
added to the boundary.

• Smooth. The position of nodes is adjusted to improve mesh quality and paving boundary 
smoothness.

• Seam. Small interior angles in the paving boundary are seamed or closed by connecting 
opposing elements.

• Intersection. The paving boundary is checked for intersections with itself or other paving 
boundaries. Intersection are connected to form new, often separate paving boundaries. 

• Clean up. The completed mesh is adjusted where element deletion and/or addition improves the 
overall mesh quality.

The distortion metric is used to ensure a good element quality. This is done during the row
generation and step 4. Typically, the average element distortion in a mesh is around 0.1-0.2 with a
maximum distortion of order 1.0. There are some situations that cause problem for paving process.
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These can be transition from a denser region to a more coarsen region and also the row intersection
when a coarser edge is intersecting a number of finer element edge, Figure 3.8. This problem can be
resolved by changing the size of elements along the exterior paving boundary, Figure 3.10. The
coarser elements may be refined, Figure 3.9. In this case both the average distortion metric for the
FE mesh and maximum distortion metric, may be increased to 1.5 respective 15.0. It may also be
useful to smooth the exterior paving boundary by the spacing function Eq. 3.10.

(EQ 3.10)

where h is the desired element size, hi is the node spacing value in Eq. 3.9, and |X-Xi| is the distance
between the position of interest and the position of the boundary nodes.

FIGURE 3.8 Intersection between a finer and a coarser boundary section
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FIGURE 3.9 Refinement scheme for exterior paving boundary a) One step b) Two steps

FIGURE 3.10 A paving sequence. The averaged metric for the final mesh is 1.2 and the 
maximum metric is 14.6 a) Seaming of small interior angles b) The exterior paving 
boundary refinement c) The Final mesh. 

3.3.4 Data Transfer
The transport of data from the old mesh to the new mesh is performed by interpolation. The nodal
data of new mesh, such as displacement and temperature, are determined by 

(EQ 3.11)

where Di are the nodal value of the new node and Pj are the shape function of the element in the old

mesh. D*
j are the nodal value of the element in the old mesh and n is the number of nodes for

element in the old mesh. The state variables of the integration points are transferred from the old
mesh with the same procedure. This can be outlined as follows.

Find the location (element and local isoparametric coordinates) of the new integration points in the
old mesh. To obtain the state at each new integration point, extrapolate the state variables defined

(a) (b) (c)

Di PjD∗ j

j 1=

n
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on the integration points of the old element, to the nodes of element. The state variables of the new
integration point are then obtained by interpolation.

3.4  Chip formation
A diversity of physical phenomena, such as large plastic deformations, heat generation, friction,
damage etc. exists in the process zone where the chip separation occurs. Different numerical
techniques for modelling chip separation can be used. These can be divided into two categories,
geometrical or physical. The geometrical model is usually based on a tied slide-line interface [22],
which debonds when a certain criterion is fulfilled. This criterion may be a certain level of stress,
strain or simply when the cutting edge is close enough to the front nodes. Huang and Black [22],
and Komvopoulos and Erpenbeck [28], Zang and Bagchi [58], have used this model. However,
within these studies, only the mechanical behaviour of cutting was considered and no temperature
change was computed. 

The physical models are based on the physical behaviour of material, such as plastic deformation,
crack initiation and crack propagation without pre-determining its path. Most of the expanded
energy during cutting is dissipated by plastic deformations. Thus, this process in the chip formation
is the most important contribution to the cutting forces. Continuous remeshing is necessary in order
to simulate this. Other phenomena may also be involved in the chip formation. Marusich and Ortiz
[33] used the critical stress intensity factor, KIC, as a fracture criterion, for brittle materials. They
modelled the ductile fracture based on the Rice and Tracey solution [45]. This is based on the
existence of a critical effective plastic strain at a distance l directly ahead of the crack tip. Owen et
al. [41] used a fracture criterion based on uncoupled integration of Lemaitre's ductile damage model
[30]. Lemaitre postulates that damage progression is governed by void growth. Also Ceretti et al.
[8] included damage mechanics in simulation of crack propagation.                                 
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CHAPTER 4 Results and conclusions 

Design of the mechanical cutting process is mainly based on the empirical knowledge of the
process. The primary objective of the research presented in this thesis is the development of a finite
element approach to provide a better understanding of the cutting process. As a result the chip
morphology, cutting forces, heat generation and the residual stresses in the work piece may be
predicted. 

4.1 Results

Different finite element modelling approaches has been evaluated and implemented in a research
FE-code called SiMPle. This is an implicit finite element code based on the Lagrangian
formulation. The commercial FE-code ABAQUS/Standard was also used to simulate cutting
process. In this section a brief review of the appended papers will be given.

4.1.1 Numerical and experimental analysis of orthogonal metal cutting (paper I)
As a first step a simplified model of chip formation was used to simulate the cutting process. The
chip formation was modelled by a pre-defined crack path. A quasi-static simulation with adiabatic
heating was performed with the finite element code ABAQUS/Standard. This is an implicit FE-
code using the updated Lagrangian formulation. The computational results were compared with the
experiments. The agreement between measurements and calculation was reasonable when
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considering the simplifications introduced. The experimental results obtained in this paper were
also used in paper III.

4.1.2 Coupled thermomechanical simulation of hot rolling, using an adaptive mesh 
(paper II)
Coupled thermo-mechanical analysis of hot rolling was performed. The efficiency and accuracy
when using an adaptive remeshing technique is compared with using a uniform, fine mesh. The
advantages and limitations of the different techniques are discussed. The accuracy has been
confirmed by comparison with PALM2D and by using SIMPLE without remeshing. The overhead
cost associated with the remeshing is not too costly so the remeshing technique reduces the required
computing time considerably. The efficiency of the implemented thermo-mechanical contact
algorithm in SiMPle was evaluated when the adaptive mesh was used. The implemented contact
algorithm and the mesh adaptivity was used in paper III-V. 

4.1.3 Finite element modelling of orthogonal metal cutting (paper III)
The objective of this study was to evaluate different modelling approaches for simulation of
mechanical cutting. The orthogonal cutting process has been simulated by the finite element codes,
ABAQUS/Standard, the implicit in-house code SiMPle, and the explicit code AdvantEdge. The
latter is a commercial code developed especially for simulating mechanical metal cutting. Two
basically different modelling approaches have been used for the chip separation, geometrical and
physical model. Computed and measured cutting force and chip geometry are compared. It is found
that the use of continuous remeshing is more demanding but better than the use of a pre-defined
crack path. The advance front technique for generation of quadrilateral element was implemented
in the in-house code SiMPle in order to maintain the mesh quality.

4.1.4 Effect of previous cutting on chip formation (paper IV)
Simulations are performed with the purpose of investigate the chip formation process and to find
the residual stresses on the surface of the work piece. The implicit finite element code SiMPle with
special remeshing capabilities enabling the simulations has been used in the work. 

The main conclusions in this study of the effect of previous cutting on subsequent layers are as
follows. The chip formation is not affected much. There is only a minor influence from the residual
stress on the surface from the first cutting on the second pass chip formation. This influence is
negligible. The residual stresses are affected more in the current model. But this influence is
expected to be smaller when an appropriate material model which includes rate-dependency and
damage effects is implemented. 
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4.1.5 Influence of cutting speed on residual stresses in work piece (paper V)
The influence of the cutting speed and feed on the residual stresses is studied in this work. The
material of the work piece is the stainless steel 316L. Cutting experiments in laboratory with
following measurements as well as finite element simulations are used and also compared with each
other. The explicit finite element code AdvantEdge was compared with the implicit in-house finite
element code SiMPle. The computational time was considerably shorter in simulations by SiMPle.
The measured residual stress level increases with cutting speed. In the simulations by SiMPle, it is
only the heat conduction that gives a difference between different cutting speeds. There is no rate-
dependency in the material model or inertia forces included. Neither is damage accounted for. The
only softening process is thermal softening. It is assumed that the material will reach a constant
hardening when the stress-strain reaches a certain value

4.2 Conclusions and discussion
Different modelling and simulation approaches for orthogonal cutting have been developed and
evaluated, using the finite element method. The use of the model can give a better understanding of
the cutting process. The thermal and mechanical loads on the insert can be quantified. Furthermore,
the chip formation process and residual stresses in the work piece can be studied. It is believed that
the finite element simulations will improve the design of the cutting tools by reducing the testing.
Thereby, it will also reduce the time to market for the new designs. 

Two basically different modelling approaches have been used for the chip separation, geometrical
and physical model. A pre-defined crack path has been used to model the crack initiation/
propagation in the geometrical model. The continuous remeshing has been used in the physical
model. It is found that the use of continuous remeshing is more demanding but better than the use of
a pre-defined crack path. However, the Lagrangian finite element simulations of the cutting process
using the physical model is obstructed by excessive element distortion, caused by the large,
localized deformations. The continuous remeshing can efficiently maintain well-shaped elements.

The construction of an appropriately refined mesh is a challenge, for highly non-linear, transient
problems such as the cutting process. The adaptive remeshing can be used to obtain accurate
results. This is done by using two error estimator criteria simultaneously. The error estimator based
on the stress gradients in the finite element mesh is combined with he quotient between the rate of
plastic work in each element and the averaged plastic work rate of the whole mesh. The automatic
control of the mesh quality is managed successfully by using the Oddy distortion metric at the
beginning of each time step. The mesh generation procedure is also utilising the distortion metric to
provide well-shaped elements.

The implemented combined penalty-barrier contact algorithm has been found to be efficient in
conjunction with the adaptive remeshing. The contact algorithm is implemented as a two-pass
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algorithm. A so called stick-slip friction model, introducing Coulomb friction was used to model
the frictional behaviour of the tool-chip interface.

It is believed that the lack of the damage mechanics in the material model and the rate-dependent
material behaviour in SiMPle cause a non-lamina structured chip formation. Therefore, it is
important to include these phenomena in the material model in order to include all effects of
varying the cutting parameters.

The CPU time for simulation of residual stresses was considerably longer using the explicit code
AdvantEdge. The simulations with AdvantEdge required 100-130 CPU hours (about 1 million time
steps) where the simulations with SiMPle only required 6-8 hours (about 500 time steps) than using
the implicit code SiMPle. Therefore, an implicit analysis may be preferable for two dimensional
models. However, in a three dimensional model of the cutting process is probably more efficient to
solve using an explicit code than using an implicit code. Furthermore, the use of parallel computing
is necessary be able to simulate the cutting process using three dimensional models.
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ABSTRACT
This paper presents experimental results which can be used

for evaluating computational models to assure robust solutions.
The general finite element code ABAQUS/Standard has been
used in the simulations. A quasi-static simulation with adiabatic
heating was performed. The path for separating the chip from
the work piece is predetermined. The agreement between
measurements and calculation is good considering the
simplifications introduced. Still, some capabilities are lacking in
ABAQUS. Work is continuing in order to create and evaluate
more advanced computational models.

1.0  INTRODUCTION
New geometries for inserts made of cemented carbide for

metal cutting are developed through extensive time and resource
consuming prototyping and testing to assure robust designs.
This is partly caused by of the difficulties in studying the cutting
process and the load on the insert in detail since the environment
is highly hostile due to high pressures and temperature in the
cutting zone, and therefore it is not directly observable. For that
reason, indirect parameters are studied, for example cutting
forces, chip morphology and tool life. Studying only global
quantities does not reveal the details of the true mechanics of the
cutting process. This hampers rapid product development in
tools for metal cutting for the industry. Also the not easily
measured residual stresses in the work piece are in some
instances very interesting since they can influence the life and
performance of the work piece.

Computer simulations can reduce developing time and cost
of new inserts and tools and also increase the understanding of
the metal cutting process. Many studies, where the finite

element method (FEM) has been used, have been published
during the last decades. See e.g. Zhang and Bagchi (1994), Shih
(1995,1996), and Huang and Black (1996). There are three main
routes, general FE-codes, more specially tailored codes or
”research codes”. The last group are either in-house codes used
by research groups that are more or less available for other
users. The degree of support and documentation is best for the
general FE-codes and decreasing for the more special codes and
may be non-existing for the last group of codes. 

The simulation of cutting involves many difficult aspects,
large deformation, thermo-mechanical coupling, how to model
the cutting etc. Some of the phenomena are common with other
processes that are simulated using the FE-method. Methods
based on flow or solid formulation are two different routes that
have been chosen. Material modelling may be simplified using
rigid-plastic or rigid-viscoplastic material models. Mesh
adaptivity may be included for dealing with the moving zone of
large deformations. We will not elaborate on these aspects of
modelling. However, the cutting process is unique for the
application in focus. Therefore it deserves some extra attention.
It has been modelled in three different ways. 

A tied interface which is unzipped when a certain criteria is
fulfilled, such as a certain level of stress or strain or simply
when the cutting edge is close enough, is used in most studies.
Examples of this zip method are the studies by Huang and Black
(1996), and Komvopoulos and Erpenbeck(1991) where the
same formulation as in this study is used. Black used NIKE2D
for investigate different criteria for chip separation.
Komvopoulos and Erpenbeck used ABAQUS to analyse the
influence of different levels of friction between chip and insert
in orthogonal metal cutting. They included rate-dependent
plasticity but no thermal effects.
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Recently a few articles has put forward methods where a
crack propagates in front of the cutting edge, a crack method.
The direction of the path of the crack is not predetermined. They
can be divided into two groups. Either fracture mechanics or
damage mechanics is used for determining where and when the
cutting takes place. Ceretti et.al. (1996) use damage mechanics
for the cracking. Fracture mechanics for crack initiation and
growth are used by Marusich and Ortiz (1995).

The third approach is an plastic stretch method. The chip
formation is not modelled by separating neighbouring elements.
The element are stretched and thereafter divided by a remeshing
procedure. The plastic deformation process ”goes on forever” in
the latter case and thereby gives the chip formation. Sekhon and
Chenot(1993) used remeshing and visco-plastic material
allowing the chip to part from the work piece by plastic
deformations. They used a flow formulation.

The overall aim of the current project is to be able to predict
the chip forming process by FE-simulation. The possibility of
using a general FE-code is evaluated in the first instance.
ABAQUS has been chosen as it can handle large plastic
deformations very well. The code is also well supported within
Sweden.

Orthogonal metal cutting in unalloyed carbon steel with
cemented carbide with all material and cutting data equal has
been performed. The chosen geometry makes it possible to use a
2D model. Experiments are performed in order to evaluate the
numerical model. A predetermined crack path was modelled
with a tied interface that releases when the stress reaches a
prescribed level. A quasi-static model with adiabatic heating is
used. The agreement between calculated and measured
quantities is reasonable when considering the simplifications
used. The work is continuing with fully-coupled thermo-
mechanical model in ABAQUS. We will also evaluate FE-codes
within the other two categories mention above.

2.0  EXPERIMENTAL SETUP
Test pieces were cut out of the work piece of unalloyed

carbon steel and prepared for measurement. Strain vs stress
curves at different temperatures were measured in a tensile
testing machine. Thermal expansion coefficient was measured
in a dilatometer. Thermal material data were calculated with
thermocalc at SANDVIK STEEL. The obtained parameters for
the used steel and cemented carbide at different temperatures
are specified in Tables 1-3. All notations and the units used are
summarized in the nomenclature section at the end of the paper.

Axial turning of the end of a tube in a support lathe was
used to imitate a orthogonal 2D metal cutting process. To reduce
3D effects the work piece used was a thin walled large diameter
steel tube. The set-up used is shown in Fig. 1. Used cutting data
are specified in Table 4. The cutting speed was chosen quite
high to avoid built up edge (bue) which can be a problem at
cutting speeds vc less than 60 m/min.

Table 1. Material data for SS 1672-08 (within AISI 1045)
with a hardness of 200 HV. Analysis C=0.47%, Si=.24%,
Mn=0.70%, P=0.007%, S=0.029%.

Table 2. Variable hardening for SS 1672-08. Yield strength
versus plastic strain. 

Table 3. Material data for SANDVIK Coromant H10F with
a hardness of 1700 HV. Chemical composition WC=89.5%,
Co=10.0%, Cr3C2=0.5% 

Temperature T 20 200 400 600
Yield strength R0.2 400 340 300 160

Ultimate strength Rm 650 660 560 255

Young's modulus E 215 210 165 160
Poisson’s ratio ν 0.3 0.3 0.3 0.3
Density ρ 7930 7880 7820 7750
Thermal expansion α 
[106]

10.1 12.0 13.0 15.3

Heat capacity cp 470 535 635 800

Temperature 
[°C]

Yield strength [MPa]
Plastic strain [%]

20°C 415 470 580 640 655
0.5 1.8 4.2 7.2 11.5

200°C 390 445 575 645 665
0.8 1.8 4.2 7.2 9.7

400°C 360 475 525 545
0.8 1.7 4.2 7.2

600°C 220 240
0.9 1.9

Temperature T 20 200 400 600
Ultimate strength Rm 2600 2550 2350 2000

Young's modulus E 580 570 560 540
Density ρ 14500
Thermal expansion α 
[106]

5.4 5.3 5.4 5.6

Heat capacity cp 220
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Table 4. Tool and cutting data used for experiments and
calculations 

 

Figure 1. Schematic sketch of orthogonal cutting with used
notations.

3.0   COMPUTATIONAL MODEL

3.1  Finite element formulation
The finite element program ABAQUS has been used in the

simulations (Hibbit et.al., 1996). The implicit version was used.
A quasistatic, large deformation analysis accounting for
adiabatic heating was performed. The adiabatic heating is
caused by the elastic and plastic strains. The strains give an
increase in temperature locally, i.e. there is no heat conduction.
Thus it was also not possible to account for heat generated by
friction in the model. However, the temperature change was
used in a temperature dependent material model for changing
material properties and for generating thermal strains.

A four node element (CPE4) was used. The volumetric
strain is underintegrated in order to avoid locking due to large,
incompressible plastic strains. 

The updated Lagrangian formulation was used. The spatial
velocity gradient is used for computing strain increments. Thus,
the strain definition can be compared to the logarithmic or
natural strain definition. An additive strain rate decomposition is
obtained from the multiplicative decomposition of the
deformation gradient (Simo, 1988). The latter corresponds to
the existence of a local unloaded state to which one can reverse
the elastic deformation. One such approach of extending small
strain plasticity to finite strains is demonstrated in (Cuitino and
Simo, 1992). There still remains, however, some open questions
in this respect that was addressed already by Lee, 1969. For
cases where the elastic strains are much smaller than the plastic
strains one may simplify the decomposition of the deformation
gradient to an additive split of the velocity strains, that is a
hypo-elastic constitutive law, where a suitable stress rate is
proportional, via Hooke’s law, to the velocity strain tensor (or
formally to the total velocity strain minus the plastic velocity
strain) (Simo and Pister, 1984). It is essential to employ a so

Feed f 0.25 mm
Cutting speed vc 198 m/min

Cutting depth ap 3 mm

Edge radius rn 50 µm

Clearance angle α 6°
Rake angle γ 6°

f = h 1

v c

Φ

h 2

lc

re

α

γ

Figure 2. Finite element model.
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called objective stress rate in the hypo-elastic constitutive law
above (Crisfield, 1997). The Jaumann rate of the Cauchy stress
is used in ABAQUS/Standard, which is the implicit version of
ABAQUS.

All quantities known at the beginning of the time step are
rotated to the end of the time step. The rotation matrix, ∆R, is
obtained from the left polar decomposition of the deformation
gradient defined over the increment, ∆F. This is

(1)

, where xn and xn+1 are coordinates at times tn and tn+1,
respectively, and ∆V is the incremental left strain tensor.

A modified Newton-Raphson method was used for solving
the system of nonlinear equations. 

3.2  Finite element model
The finite element model is shown in Fig. 2. It is a plane

strain model and consists of 1711 elements and 1954 nodes. The
length of the work piece is 6.25 mm and its total thickness is
1.25 mm. The uncut chip thickness is 0.25 mm. The analysis
was performed for 1.894 milliseconds and 1225 time steps were
required. ABAQUS option for automatic time incrementation
was used. A contact line was included between tool and work
piece. The friction coefficient was assumed to be constant
µ=0.3. A tied interface was included between the part of the
work piece that is removed during the cutting and the remaining
material. The nodes along this line were separated when the
combined normal and shear stresses at a distance of 0.0625 mm
in front of the crack exceeded the ultimate strength of the
material. Thus one can say that the model imitates cutting. The
path for separating the chip from the work piece is
predetermined. It was necessary to make an initial crack in order
to start the simulation.

Heat is generated due to plastic dissipation, mainly along
the shear band across the chip. 90% of the plastic dissipated
mechanical energy was input as heat. Heat due to friction is not
included in the model. The adiabatic model implies that there is
no heat conduction in the model. This simplification is less
important than the neglecting of heat generated by the friction as
there is a very short time available for the heat conduction when
the chip is formed.

The workpiece was modelled as thermo-elastoplastic
material with temperature dependent properties. The material
data and geometry are given in the previous paragraph.

4.0  RESULTS

4.1  Measurements
The static cutting force both in cutting direction Fc and in

feeding direction Ff were measured at the toolholder with a
Kistler dynamometer.

To freeze the chip forming process an interrupted cut was
performed by shooting away the toolholder with powder charge,
a so-called quick-stop. A part of the work piece with the frozen
chip forming process was cut out, polished and studied in
microscope, see Fig. 3. The shear angle Φ, ratio between cut and
uncut chip thickness Λ and contact length lc were measured on
the specimen. 

The cutting process was also recorded using a high-speed
camera. A picture is shown in Fig. 4. Measured quantities are
given in Table 5.

4.2  Calculations
The computed effective stress is shown in Fig. 5. The

normal stress components are shown in Fig. 6-7. Maximum
shear stress is shown in Fig. 8. The effective plastic strain is
shown in Fig. 9 and the temperature in Fig. 10. The computed
cutting force is 1050 N and the feed force is 200 N. The shear
plane angle, contact length and chip thickness are estimated in
Fig. 8. They are given in Table 5. 

Table 5. Measured and computed quantities 

∆F
xnd

dxn 1+
∆V∆R= =

Measured Computed

Cutting forc Fc 1450 N 1050 N
Feed force Ff 755 N 200 N

Chip thickness ratio Λ 1.98 2.0
Shear plane angle Φ 30° 30°
Contact length lc 0.58 mm 0.6 mm

Figure 3. Specimen obtained by a quick stop.
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Figure 4. Frame from high-speed photography of cutting 
process.

Figure 5. von Mises effective stress.

Figure 6. Normal stress in cutting, horizontal, direction.

Figure 7. Normal stress in vertical direction.

Figure 8. Maximum shear stress.

Figure 9. Effective plastic strains.
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5.0  DISCUSSIONS AND FUTURE WORK
The chip in the experiments shows some lamina structure

which the simulated chip did not have. The overall agreement
between calculated and measured quantities is good when
considering the simplifications used. The computed cutting
forces are lower than the measured forces, especially for the
feed force. It was not possible to raise the friction coefficient as
the element distortion became to severe for a successful
analysis. However, it will not be enough raising only the friction
coefficient in the computational model. It is believed that it is
also necessary to model the radius of the tool tip in detail to
increase the computed feed force more than the cutting force.

The work is also continuing with a fully-coupled thermo-
mechanical model in ABAQUS. Furthermore, it may be
necessary to include rate-dependency of the material properties
in order to include all the effects of varying the cutting velocity.
The major lacking capability in ABAQUS is adaptive meshing
including arbitrary cracking. Therefore, we will also evaluate
other FE-codes and develop the contact algorithm in our in-
house code SiMPle for simulating cutting. This is an adaptive,
fully-coupled thermo-mechanical finite element code with mesh
smoothing facilities for handling distorted elements. 
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Nomenclature
The adapted nomenclature are, where suitable, according to

the ISO standard
E Young´s modulus GPa
∆F relative deformation gradient 
Fc Cutting force N

Ff Feeding force N

∆R rotation matrix, define in Eq. (1)
Rm Ultimate strength MPa

R0.2 Yield strength MPa

T Temperature °C

∆V incremental left strain tensor

ap Cutting depth mm
cp Heat capacity J/kg°C

f Feed mm/
rev

h1 Uncut chip thickness mm

h2 Cut chip thickness mm

lc Contact length mm

rn Radius of edge mm

tn time at increment #n

v Cutting speed m/min

xn coordinate at time tn

α Clearance angle °
α Thermal expansion 1/°C
γ Rake angle °
Φ Shear plane angle °
Λ Ratio between cut and uncut chip 

thickness
-

µ  friction coefficient -
ρ density kg/m3

ν Poisson’s ratio -
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ABSTRACT: Coupled thermo-mechanical analysis of hot rolling is performed. The efficiency and accuracy

when using an adaptive remeshing technique is compared with using a uniform, fine mesh. The advantages and

limitations of the different techniques are discussed.
1 INTRODUCTION

The Finite Element Method (FEM) is a general tool

for simulating metal working. The main drawbacks

of this general approach have been the long

CPU-times and the problem of knowing the

boundary conditions in the rolling contact. Today

most commercial finite element codes provide fairly

accurate models describing the rolling contact and

the continuous improvements in the computer

technology and in FE-techniques are reducing the

required CPU-times.

The first finite element models for simulation of

rolling were based on the so-called ¨flow

formulation¨ (Zienkiewicz 1984). Velocities are the

primary unknowns in this approach. Another

formulation for simulating metal forming problems is

a large deformation analysis where displacements are

the fundamental unknowns. The latter approach is

used in this paper. Previous simulations performed

by the authors, (Lindgren & Edberg 1990, 1992,

1993), has been iso-thermal. A finer spatial

resolution is required in this study as we perform a

coupled thermo-mechanical analysis. This will create

large thermal gradients near the rolling contact.

The objective of the investigation presented in this

paper is to compare simulations with a uniform fine

mesh with simulations using refining/coarsening

which creates a fine mesh only near the rolling

contact. We use the thermo-mechanical coupled

finite element program PALM2D, obtained from

Lawrence Livermore National Laboratory, and an

in-house code, SIMPLE. The latter utilize mesh

refinement and mesh coarsening.

It is shown that the same accuracy can be obtained

with the adaptive meshing at a reduced

computational cost. The remeshing facility also

reduces the memory requirements.

2 FINITE ELEMENT CODES

2.1 SIMPLE

The code SIMPLE solves coupled

thermo-mechanical problems. It can solve three

dimensional problems also (Lindgren 1997).

However the thermo-mechanical contact algorithm is

not implemented in three dimensions. The used

element is a four to eight node quadrilateral element

with piecewise bilinear shape functions (McDill &

Oddy 1987). The volumetric strain field is

underintegrated in order to avoid locking due to the

plastic incompressibility. The special shape functions

applied in the element makes it straightforward to

create a graded mesh as an element with three nodes

along a side can be joined to two elements, each with

two nodes along this side. No additional constraints

are required for interelement compatibility. Thus,

graded elements are specially designed for

alleviating the creation of mesh with refined regions.

The mesh regeneration scheme is described in

McDill & Oddy (1987). It has been extended with

additional smoothing facilities by Hyun & Lindgren

(1998).

Triangular elements are usually used in adaptive

meshing. However, quadrilateral elements are

preferred over triangular elements when dealing with

plasticity (Cifuentes & Kalbag 1992, Benzley et.al.

1995).



An Augumented Lagrangian technique is used in

the mechanical contact algorithm (Crisfield 1997).

The augmentation loop (Simo & Laursen 1992,

Laursen & Simo 1993, Laursen 1994, Laursen &

Maker 1995) was not used in this application. The

contact algorithm is implemented as a two-pass

algorithm. Each side of the contact is in turn treated

as the master surface by the algorithm. The thermal

contact uses a contact resistance when the surfaces

are in contact. Furthermore, heat conduction (which

is very small) through the air is accounted for when

the surfaces are separated. This is only the case when

the gap has contacts on each side of it. Then the air is

enclosed completely. No radiation is included in the

heat transfer between the surfaces.

2.2 PALM2D

The finite element programs PALM2D, obtained

from Lawrence Livermore National Laboratory,

USA, are used in the simulations of the problem

using a fine uniform mesh. PALM2D is a

thermo-mechanical coupled implicit code for the

static and dynamic response of two-dimensional

solids and structures. It lacks limits on the time step

size other than accuracy requirements as the code is

based on an unconditionally stable time integrator.

PALM2D is based on TOPAZ2D (Shapiro 1986) for

thermal analysis and NIKE2D (Hallquist 1986) for

mechanical analysis. The element is a four node

element with bilinear shape-functions and with a 2x2

Gauss quadrature rule and reduced integration

applied to the shear energy. The two thermal and

mechanical analyses are coupled together in a

staggered step approach. First the thermal time step is

calculated and then the mechanical response is

solved. Substepping of the thermal or the mechanical

analysis is possible if desired.

A penalty formulation is used in the contact

algorithm in the mechanical analysis. The thermal

contact accounts is modelled in the same way as in

SIMPLE.

3 SIMULATIONS

The simulations are based on experimental data from

a test rolling sequence at the Rautaruukki Plate mill

in Raahe, Finland. Simulations of this particular

experiment has been presented earlier (Lindgren &

Edberg 1990, 1992, 1993) for other purposes. In

those papers no thermal effects where taken into

account. When the thermal effects are taken into

consideration a much finer element mesh is needed in

order to describe the temperature gradients that are

created when the hot plate is in contact with the cold

roll. All the physical data for the experiment and the

mechanical part of the simulations can be found in

the papers by Edberg & Lindgren (1990, 1992, 1993).

In this work however, more of the work roll is

included in the model. The radial ”thickness” of the

roll is 100.0 mm in both models. The material data

for the thermal part of the simulation are shown in

Table 1. The same data is used both for the roll and

the plate. The density of the roll is 7750 kg/m3 and

the density of the plate is 7860 kg/m3. The initial

temperature of the work roll is assumed to be 20 °C

and 1000 °C in the plate. No heat generated due to

friction was included in SIMPLE as this option is not

available in PALM2D. It is assumed that 90% of the

plastic dissipated energy is converted into heat. No

thermo-elastic generated heat is included.

An elasto-plastic, temperature dependent

constitutive model with linear work hardening has

been used for the plate in the mechanical part of the

simulations. The data for this model is found in Table

2. The work roll is assumed to be linear elastic.

Only the upper roll and half of the plate is analysed

due to symmetry. The PALM2D model consists of

3993 nodes and 3674 four node elements. There are

10 elements across the half thickness of the plate and

176 elements along the plate. Thus the smallest

element is 0.64x0.5 mm2 before rolling. The model

can be seen in figure 1. The time steps are 0.1ms long

in the mechanical analysis. Thermal substepping is

done so that the length of these steps is 0.025 ms. The

simulation required 740 cpu-minutes on a an IBM

RS6000 (model 590) workstation. The process time

becomes two times longer as the code does a lot of

Table 1. Thermal material data.

Temperature

[C]

Heat

capacity

[J/kgK]

Thermal

conductivity

[W/mK]

20.0 500.0 50.0

500.0 650.0 36.0

600.0 710.0 33.0

700.0 800.0 31.0

725.0 820.0 26.0

750.0 650.0 25.0

1300.0 720.0 31.0

Table 2. Mechanical material data.

Temp.

[ C]

Young’s

Mod.

[GPa]

Poiss.’s

ratio [-]

Thermal

expansion

[10-5K-1]

Yield

stress

[MPa]

Hardening

Modulus

[MPa]

400 175 0.3 1.15 160 420

600 145 0.33 1.2 100 320

800 120 0.35 1.235 80 290

1000 100 0.35 1.292 60 270

1100 95 0.35 1.32 45 220



Figure 1. PALM2D model. The fine mesh at the right end of the contact is magnified.

Figure 2. SIMPLE model at 0.0 and 0.1 secs. Part of the mesh is magnified at 0.1 secs.
reading and writing on disk. A single user on a

workstation can therefore never extract more that

about 50% of the wall clock time as useful cpu-time.

The model used in SIMPLE consists of about 1050

nodes and 950 elements initially and raises to a

maximum of 3250 nodes and 2500 elements in the

end of the analysis. The steady increase is due to the

fact that we keep a fine mesh in the plate after the

rolling. The model at 0.1 secs can be seen in Figure

2. The remeshing is performed ten times during the

analysis. The time steps is 0.1 ms. This simulation

required 1100 cpu-minutes on the same IBM

workstation. A comparative simulation with a

uniform mesh, like the mesh used in PALM2D, was

performed. The number of nodes is 4000 and the

number of elements is 3400. This simulation required

1200 cpu-minutes.

4 COMPARISONS

The computed rolling force is 8.43 kN/mm,

according to PALM2D and 8.17 kN/mm according to

SIMPLE. This is per unit width in the direction

transverse to the rolling direction. The value is

obtained during rolling the middle part of the slab

where the force has a stationary value. The stresses in

the thickness direction at time 0.1 secs are shown in

Figure 3 for PALM2D and in Figure 4 for SIMPLE.

The shear stresses are shown for PALM2D and

SIMPLE in Figures 5 and 6, respectively. The

stresses show very good agreement between the

different models. The temperature at the surface goes

down to 665 C, according to PALM2D, and to 680 C,

according to SIMPLE, during a very short time when

contact with the roll is established. Both codes give

an increase in the temperature of 8 C in the interior of

the plate due to the plastic dissipation.



5 CONCLUSIONS

The region close to the moving roll/slab contact must

be modelled using a denser mesh in order to get an

accurate model. It has been demonstrated that this

can be efficiently achieved by using a remeshing

technique. The accuracy has been confirmed by

comparison with PALM2D and by using SIMPLE

without remeshing.

PALM2D is a very streamlined code but the version

that was used performs a lot of input/output on disk

which made it less efficient. SIMPLE does not have

this disadvantage. The overhead cost associated with

the remeshing is not too costly. The remeshing

technique reduces the required computing time

considerably. The implemented remeshing algorithm

will be extended with an error measure (McDill

1995) in order to have a fully adaptive mesh. The

smoothing algorithm implemented by Hyun &

Lindgren (1998) was not needed in this simulation

but will be useful for cases with larger reduction. The

combined remeshing and smoothing algorithms will

be powerful tools that will be valuable for such cases.

The smoothing facility is not implemented for the

three-dimensional version of SIMPLE yet.

Figure 3. Stresses in thickness direction computed
by PALM2D at 0.1 secs.

Figure 5. Shear stresses computed by PALM2D
at 0.1 secs.
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Figure 4. Stresses in thickness direction computed
by SIMPLE at 0.1 secs.
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Figure 6. Shear stresses computed by SIMPLE
at 0.1 secs
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Abstract

The objective of the present study is to evaluate different modelling approaches for simulation of
mechanical cutting. The orthogonal cutting process has been simulated by the finite element codes,
ABAQUS (Standard), the implicit in-house code SiMPle, and the explicit code AdvantEdge. The
latter is a commercial code developed especially for simulating mechanical metal cutting. Two
basically different modelling approaches have been used for the chip separation. Computed and
measured cutting forces and chip geometry are compared. It is found that the use of continuous
remeshing is more demanding but better than the use of a pre-defined crack path.

1.  Introduction
Development of new geometries for inserts occurs through, extensive time and resource
consuming, prototyping and evaluating. Because of a highly hostile environment, high temperature,
pressure, and vibration, in the cutting zone, study of the cutting process is very complicated. This
hampers rapid product development in tools for metal cutting for the industry. Cutting simulations
are developed to become an instrument for design of cutting tools. These computational will
increase the understanding of the cutting process. Simulations can reduce the number of
experiments required during the design process. It is also possible to perform parametric studies in
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a way that is difficult to achieve by experiments. The simulations can also provide a prediction of
the state of residual stresses in the work piece.

The current study is part of a project with the aiming at developing finite element models that can
be used to predict the chip formation process and cutting. Different modelling approaches have
been implemented and evaluated in this study. The orthogonal cutting process has been simulated
by the finite element program ABAQUS/Standard, using a pre-defined crack path. This model has
also been implemented into an in-house finite element code, SiMPle. A combined r-adaptivity and
h-adaptivity technique for continuous remeshing has also been implemented in SiMPle to simulate
the chip formation without pre-defining the crack path. Finally, the explicit finite element code
AdvantEdge was used. This code also used a remeshing technique for the chip formation. The
computed chip morphology and the cutting forces are compared with experimental results. It is
shown that all modelling approaches give similar cutting forces for the same material and a low
friction coefficient, but lower than the measured values. However, it is needed to use a high friction
coefficient to obtain better aggrement between the computed and the measured forces. This can
only be handled by the approach using continuous remeshing.

2.  Experiments
Tensile tests were performed in order to obtain material properties for the work piece. Furthermore,
cutting experiments were also done for comparison with simulations.

The test pieces for the tensile testing were cut out of the work piece of an unalloyed carbon steel
and prepared for tensile test. The chemical composition of AISI 1045 is C=0.47%, Si= 0.24%,
Mn=0.70%, P=0.007%, S=0.029%. The material has a hardness of 200 HV. Strain vs. stress curves
at different temperatures was obtained, Figure 1. The thermal expansion coefficient was measured
in a dilatometer. Thermal material data were calculated with thermocalc at SANDVIK STEEL. The
obtained parameters for the worked steel and the tool steel at different temperatures are given in
Tables 1-2. The tool material has a hardness of 1700 HV and a chemical composition of
WC=89.5%, Co=10.0%, Cr3C2=0.5%. 

TABLE 1. Material properties for AISI 1045

Temperature T [oC] 20 200 400 600 800
Yield strength R0.2 [MPa] 400 340 300 160 42

Ultimate strength Rm [MPa] 650 660 560 255 93

Young’s modulus E [GPa] 215 210 165 160 90
Poisson’s ratio ν 0.3 0.3 0.3 0.3 0.3

Density ρ [Kg/m3] 7930 7880 7820 7750 7720

Thermal expansion α [10] 10.1 12.0 14.0 16.6 18
Heat capacity cp 470 535 635 800
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FIGURE 1. Variable hardening for AISI 1045, yield strength versus plastic strain

The cutting experiment was performed as orthogonal cutting, Figure 2. Axial turning of the end of a
tube in a support lathe was performed. To reduce 3-D effects the work piece used is a thin walled
large diameter steel tube. The tube diameter is 178.0 mm and thickness is 3.0 mm. The set-up used
is shown in Figure 2-a. The cutting data are specified in Table 3. The cutting speed is chosen quite
high to avoid built up edge (BUE) that can be a problem at lower cutting speeds. Cutting forces
were measured during the cutting process.

TABLE 2. Material properties for SANDVIK Coromant H 10 F cement carbide

Temperature [oC] 20 200 400 600
Ultimate strength Rm [MPa] 2600 2550 2350 2000

Young’s modulus E [GPa] 580 570 560 540
Poisson’s ratio ν 0.22 0.22 0.22 0.22

Density ρ [Kg/m3] 14500

Thermal expansion α [10] 5.4 5.3 5.4 5.6
Heat capacity cp 220
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The cutting forces, Fc, in cutting direction, and the feed force, Ff, were measured at the tool holder
with a Kistler dynamometer [1]. Furthermore, the chip geometry is measured by microscopic
studies [1]. The computed cutting quantities and measured parameters are presented in Table 5-6.

FIGURE 2. a) Schematic sketch of orthogonal cutting. b) Used notations.

3.  Finite element modelling of cutting
Some finite element formulations and techniques that are important to consider when modelling
machining are described below. The finite element codes ABAQUS, AdvantEdge and the in-house
code SiMPle were evaluated in the current study. These codes are using different modelling
options.

TABLE 3. Tool and cutting data used for experiments and calculations

Feed f [mm] 0.25
Cutting speed vc [m/min] 198

Cutting depth ap [mm] 3

Edge radius re [µm] 50

Clearance angle α 6o

Rake angle γ 6o

( a ) ( b )



Finite element modelling of orthogonal metal cutting 5

3.1  Finite element formulations

It is obvious that the cutting process requires a large deformation analysis. The deformations and
strains are extremely large. The use of remeshing is discussed later in chapter 3.3. Furthermore, it
requires the simultaneous calculation of temperatures and deformations. The high rate of material
flow makes it possible to assume adiabatic heating. This assumption makes it possible to directly
compute the temperature increase in a point due to the plastic dissipation at that point. Then no
finite element solution of the field equation for the heat conduction is required. This assumption has
been used in [1]. This approach cannot be used if the cooling to room temperature is needed in
order to evaluate residual stresses of the work piece. Some analyses have been done using a coupled
thermal-mechanical analysis. Then a heat conduction analysis is coupled with the mechanical
analysis. A so-called staggered approach is preferred and has been used in [2-5]. 

The mechanical analysis can be performed using different formulations. Each formulation has its
advantages and disadvantages. There is the possibility to treat the material as a non-Newtonian
fluid. This is called a flow formulation. Thus no elastic strains are included in the material model
and residual stresses cannot be obtained directly. This approach has been used in [4,6-7]. The more
general option is the solid formulation where the material is modelled by the usual constitutive
equations for solid material. 

There exists a large number of different constitutive models. There exist two main types of methods
for the temporal discretisation. The explicit, conditionally stable, method. This is a fast method but
the limit on the time step is related to the time it takes for an acoustic wave to pass through the
smallest element. It is a dynamic analysis in the sense that it only uses a mass matrix and computes
the change in displacements from the current acceleration. It is an effective method as the mass
matrix is always lumped and thereby there is no need to solve a set of coupled equations. It cannot
be used easily to obtain steady state results. However, it has been used with success for solving
strongly non-linear problems where inertia is negligible by artificially increasing the density and
thereby make it possible to take larger time steps [8]. Owen et al. [2], Marusich [3] and Hashemi [9]
have used this approach. The other, more general option is to use an implicit finite element code.
The length of the time step is then governed only by accuracy requirements. On the other hand, a
set of coupled equations must be solved. This method can be used with or without a mass matrix. It
has no problem in computing steady state response. This type of formulation has been used in the
cutting simulations in [1,10-12]. 

Different material models options have been used in simulations of cutting using the solid
formulation. The material has been treated as rigid-plastic by [9,13]. This choice makes it possible
to compute cutting forces but no residual stresses can be obtained. Others have used a thermal
elastic plastic material model with or without rate dependency. The plastic behaviour was assumed
to be rate-dependent in [2-3,7,14].

It is preferred to have more linear elements in non-linear problems compared to fewer high order
elements as the plastic deformation implies a more rapid changing deformation behaviour. A high
order element enforces a higher degree of continuity in the solution. Furthermore, the large
incompressible plastic strains can give locking effects for low order triangular elements in 2-D and
tetrahedron elements in 3-D [15-16]. Therefore, well known codes like the public domain codes
NIKE and DYNA from Lawrence Livermore National Laboratory has only linear quad elements in
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2-D and hexahedron elements in 3-D. The four node quads with reduced integration for the
volumetric field are used in the present work. The four node quad element is also used in [2,4-
5,7,10-14]. The six node triangular elements are used in [3,7]. 

3.2  Contact algorithms

Two main algorithms for solving contact problems are presented; the penalty approach [17-23], and
the method of Lagrangian multipliers [20]. Laursen and Simo [24] also describe a combined
method called the augmented Lagrangian technique. Other procedures, such as the perturbed
Lagrangian method [25-26], can also be applied. Other important issues are associated with contact
detection [18,27-30]. The latter is simpler with lower order elements and, also for this reason these
low-order elements are popular. Many of the low-order contact formulations have origins in the
none linear slide-line procedure presented by Hallquist [18,28-29]. In relation to these techniques,
important issues are associated with the use of one-pass or two-pass algorithms. In particular,
Taylor and Papadopoulos have shown [31] that a two-pass formulation is essential if the contact
path test [32] is to be passed. Additional special procedures have been developed for the explicit
integration method [18,27-29], as momentum-related techniques in which modifications are made
to the acceleration, velocities and displacements. One of the aims of the latter is to avoid the
penalising effect on the time step of the explicit procedure, which can be introduced by the high
stiffness, associated with penalty approaches.

Normal forces are obtained by insertion of a contact stiffness when a material point on 'slave'
surface penetrates into the target body 'master', in the penalty formulation. However, the
impenetrability condition of contact bodies is not exactly fulfilled in the penalty approach. This
may cause significant changes in surface behaviour, which in turn causes divergence. A further
disadvantage of the penalty approach is that, in the early iterations, while a node is oscillating
between being in and out of contact, the convergence characteristics can be very bad. One way of
alleviating the numerical difficulties is to avoid sudden change in stiffness that occurs when a
previously contacting node moves out of contact. This can be achieved using a method proposed by
Zavarise et al. [33], which combines a penalty procedure with a barrier method [34].

In contrast to the penalty formulation, the Lagrangian multiplier algorithm ensures exact
satisfaction of the required contact constrains [32]. The multipliers can be interpreted as contact
forces. However, there are other disadvantages. First, there is the need to increase the number of
variables with the Lagrange multipliers, and secondly special care must be taken when solving the
equations, as the diagonal terms in the matrix for these extra equations are zero. However, it is
possible to combine the penalty and Lagrangian multiplier methods, the augmented Lagrangian
technique [24,34], with the aim of retaining the good merits of each approach. One of the main
advantages of using this method rather than the penalty algorithm is the sensitivity of the latter to
the selection of the penalty stiffness. If the penalty parameter is too high, then a very poor
convergence rate may result. While one can reduce the penalty parameter to avoid ill conditioning,
the inevitable consequence is penetration and hence a violation of the real physical situation. This
can be avoided by using the augmented Lagrangian method.

The augmented Lagrangian formulation, and combined penalty-barrier formulation are
implemented in this study. The penalty formulation was found most convenient. The contact
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algorithm is implemented as a two-pass formulation. Each side of the contact is in turn treated as
the master surface. The stick-slip formulation [32] was implemented for contact friction. The
thermal contact uses a contact resistance when the surfaces are in contact. No radiation is included
in the heat transfer between the surfaces. 

3.3  Adaptivity and remeshing

The need of adaptive strategies for large deformation finite element computations is undeniable.
For many cases, adaptivity is an essential tool to obtain accurate numerical solutions. It will also
reduce the required computational effort needed to achieve this accuracy. This is the case, for
instance, with problems in non-linear solid mechanics involving localised large strains. Mesh
adaptivity is divided into three different types of categories, h-adaptivity, p-adaptivity and r-
adaptivity. H-adaptivity consists on changing the size h of the finite elements. The new mesh has
different number of elements and the connectivity of the nodes is changed. In p-adaptivity the
degree of the interpolating polynomials is changed. R-adaptivity consists of relocation of the nodes,
without changing the mesh connectivity.

Mesh adaptivity, for an efficient meshing, requires two essential ingredients, a tool for assessing the
error of the solution computed with a given mesh and an algorithm to define a new spatial
discretisation. A widely used error estimator was proposed by Zienkiewiecz et al. [35-36]. McDill
et al. [37], Hyun et al. [39] and Runnemalm [40] proposed a generic error estimate for linear
elements based on the gradients of displacement or heat flux. The error is associated with the
gradients which are discontinuous at interelement boundaries. This means that a mesh would be
refined where large differences in the gradients exist between elements. Marusich and Ortiz [3]
proposed to use the plastic work rate in each element in order to refine the finite element mesh in
cutting simulations. This option convey to capture the plastic deformation of the workpiece
material. Owen et al. [2] proposed an error estimator based on the rate of fracture indicators. This
should not only capture the progression of the plastic deformation but also provide a fine mesh at
regions of possible material failure. Owen discussed also other error criteria based on total plastic
work, uncoupled integration of Lemaitre’s damage model and total damage work. All this criteria
was followed by using the procedure originally proposed by Zienkiewicz and Zhu [35].

The delaunay triangulation for generating six-noded quadratic elements was used by Marusich et al.
[3] and Sekhon et al. [7]. Refinement of the mesh in [3] was executed by adding more nodes to
elements which satisfy the plastic work rate criteria. A hierarchical adaptive mesh scheme [41],
used in this study, provides an efficient way to change the mesh density by refining/coarsening a
given mesh and facilitates data transfer. This so-called graded element reduces the required
computational effort by locally grading the mesh where large gradients in the solution occur. This
does not reduce the element distortion.

Mesh adaptivity is also important for reducing the distortion of the elements as this is a large
problem in simulating the mechanical cutting process, using a Lagrangian finite element
formulation. Then tools for assessing the element distortion and for remeshing are needed. A
frequent updating of the mesh in which the element topology is either changed, or preserved is
required. In the present studies, h- and r-adaptivity are combined; this is necessary as it was found
that the application of r-adaptivity only is not sufficient to maintain the mesh quality. During the r-
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adaptivity or smoothing process the nodes are shifted to more favourable positions [40-41]. The
most useful smoothing technique in the current application is the so-called opti-smoothing
algorithm [41], where one tries to optimise the node positions using an element distortion metric
[42]. One disadvantage for this method is the time consuming optimization procedure. A combined
Laplacian-area weighted method [40-41] has been adopted for the smoothing process, in this study.
The smoothing technique is also combined with an h-adaptive remeshing using the implemented
hierarchical adaptive mesh scheme [41] in order to provide a dense mesh near the tip of the moving
tool. These procedures are applied regularly during the simulations. However, it is also necessary to
completely regenerate the mesh now and then. The advance front technique [43-44] for generating
a quadrilateral FE-mesh was used for this. 

3.4  Chip formation

A diversity of physical phenomena, such as large plastic deformations, heat generation, friction,
damage etc. exists in the process zone where the chip separation occurs. Different numerical
techniques for modelling chip separation can be used. These can be divided into two categories,
geometrical or physical. The geometrical model is usually based on a tied slide-line interface [10],
which debonds when a certain criterion is fulfilled. This criterion may be a certain level of stress,
strain or simply when the cutting edge is close enough to the front nodes. Huang and Black [10],
and Komvopoulos and Erpenbeck [11], Zang and Bagchi [45], have used this model. However,
within these studies, only the mechanical behaviour of cutting was considered and no temperature
change was computed. 

The physical models are based on the physical behaviour of material, such as plastic deformation,
crack initiation and crack propagation without pre-determining its path. Most of the expanded
energy during cutting is dissipated by plastic deformations. Thus, this process in the chip formation
is the most important contribution to the cutting forces. Continuous remeshing is necessary in order
to simulate this. Other phenomena may also be involved in the chip formation. Marusich and Ortiz
[3] used the critical stress intensity factor, KIC, as a fracture criterion, for brittle materials. They
modelled the ductile fracture based on the Rice and Tracey solution [46]. This is based on the
existence of a critical effective plastic strain at a distance l directly ahead of the crack tip. Owen et
al. [2] used a fracture criterion based on uncoupled integration of Lemaitre's ductile damage model
[47]. Lemaitre postulates that damage progression is governed by void growth. Also Ceretti et al.
[4] included damage mechanics in simulation of crack propagation.

4.  Finite element simulations

4.1  ABAQUS

The finite element program ABAQUS/Standard [48] is used for performing a quasi static, large
deformations analysis of the cutting process. It is an implicit code based on the solid formulation,
and uses an updated Lagrangian mesh. In the current analysis it is assumed that heat conduction can
be ignored and therefore only adiabatic heating is accounted for. The adiabatic heating is caused by
plastic strains. It is assumed that 90% of the plastic work is converted into heat. The strains give a
local increase in temperature and no finite element solution of the field equation for the heat
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conduction is required. It was also not possible to account for heat generated by friction in the used
version of ABAQUS. However, the calculated temperature changes within the work piece are used
together with temperature dependent material properties and thermal strains. The work piece is
modelled as thermo-elastic-plastic material with temperature dependent properties and variable
hardening, see Table 1-3 for the used data. The Lagrange multiplier technique is used in order to
solve the mechanical contact between the bodies.

The finite element model consists of 1711 four node, plane strain elements and 1954 nodes. The
volumetric strain is under integrated in order to avoid locking due to large, incompressible plastic
strains. The length of the work piece is 6.25 mm and its total thickness is 1.25 mm. The uncut chip
thickness is 0.25 mm. The analysis is performed for 1.894 milliseconds. ABAQUS option for
automatic time incrementation is used. 

A tied contact interface is included in the model between the part of work piece, which will be
removed during the cutting process, and the remaining part of the work piece in order to imitate
crack propagation. The nodes along this line were separated when the combined normal and shear
stresses at a specified distance in front of the crack tip exceeded the ultimate strength of the
material. The combined normal and shear stress is calculated as [48] 

      (EQ 1)

where σn is the normal component of stress, τn is the shear stress component in the interface, and σf
and τf are the specified normal and shear failure stresses. In the current studies σf is the final stress
value for each temperature in Figure 1., and τf is taken as 0.5σf. The crack tip node debonds when
the fracture criterion, f, reaches the value 1.0. This value is evaluated at a specified distance in front
of the crack tip. This is necessary to specify else the fracture will not occur near the tool but further
away where the stresses along the interface may become larger. The path for separating the chip
from the work piece is thus predetermined. The friction coefficient between the insert and the work
piece material is assumed to be constant µ=0.3. 

FIGURE 3. Contour of temperatures using ABAQUS
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Heat is generated due to plastic dissipation, mainly along the shear band across the chip, see Figure
3. The highest temperatures appear along the tool-chip interface, near 400o C. The state of effective
plastic strains is presented in Figure 4. The largest plastic strains, 250%, occur within the boundary
layer adjacent to the tool.

FIGURE 4. Contour of effective plastic strain using ABAQUS

4.2  AdvantEdge

AdvantEdge machining modelling software is an central difference explicit finite element code
using a Lagrangian mesh. The material model accounts for elastic-plastic strains and has an
isotropic power law for strain hardening. The strain rate also affects the flow stress. The material
properties are temperature dependent and thereby it also accounts for thermal softening. A
staggered method for coupled transient mechanical and heat transfer analysis is utilized. First an
isothermal mechanical step is taken followed by a rigid transient heat transfer step with constant
heating from plastic work and friction. Both steps have identical meshes. The central difference
scheme is also used for the time integration in the thermal analysis. A six-node quadratic triangle
element is used. The mesh, which becomes very distorted around the cutting edge, is periodically
updated both refining large elements and coarsening small elements. For this simulation a power
viscosity law [49] with constant rate sensitivity exponent was chosen. It is written as:

                                       (EQ 2)

and a power hardening law with a cut-off strain at which the increase in deformation hardening
stops. A high value of m was chosen in order to eliminate the rate dependency in order to alleviate
comparisons with models for ABAQUS and SiMPle. The strain hardening and temperature
dependency of the plastic flow properties are determined via the function g (εp) as:
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, if (EQ 3)

Where, 

Θ(Τ) = c0 + c1T + c2T2 + ..... + c5T5 (EQ 4)

The temperature dependencies of thermal properties of the work piece material were also modelled
with polynomial functions, see Equations 5-7. The used properties are given in Table 4.

Cp(T) = Cp (Cp0 + Cp1T + ... + Cp1T5) (EQ 5)

λ(T) = λ (λ0 + λ1T + .... + λ5T5) (EQ 6)

α(T) = α (α0 + α1T + ... + α5T5) (EQ 7)

TABLE 4.  Properties used in simulation by AdvantEdge

 Thermal conductivity λ   45   W/mo C
Heat capacity cp 540 J/Kgo C
Density 7880 Kg/m3

s0 401 MPa

εp
0 ref strain 0.00191

εp
cut cut-off strain 0.2

n strain hardening coeff 9
m strain rate coeff 1000
Young’s modulus 210 GPa
Poisson’s ratio 0.3
c0 coefficient thermal softening 1.001845

c1 -3.572445e-4

c2 -1.391788e-6

c3 5.953324e-10

g σ0Θ T( ) 1 εp

εp
0

-------+
 
 
 

1
n
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= εp εp
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The mesh consists of 1310 nodes and 2232 elements and plain strain is assumed. The highest
temperature of the tool edge is 670o C and the average is 500o C and at the secondary shear zone
where the chip slide along the insert, see Figure 5. 

FIGURE 5. Contour of temperatures, using AdvantEdge 

FIGURE 6. Contour of effective plastic strain, using AdvantEdge
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4.3  SiMPle

SiMPle is an implicit finite element program, which solves coupled thermo-mechanical problems.
It is a solid formulation and uses an updated Lagrangian mesh. Thus, it has the same formulation as
ABAQUS/Standard. The simulations are performed by a graded element [37] and assuming plane
strain. This is a four to eight node quadrilateral element with piece wise bilinear shape functions
[37]. The volumetric strain field is under integrated in order to avoid locking due to plastic
incompressibility. The special shape functions applied in the element makes it straightforward to
create a graded mesh as an element with three nodes along a side can be joined to two elements,
each with two nodes along this side. No additional constraints are required for inter-element
compatibility. Thus, graded elements are specially designed for alleviating the creation of mesh
with refined regions. 

The augmented Lagrangian formulation, the penalty method and combined penalty-barrier
formulation are implemented for the mechanical contact algorithm. The penalty formulation was
found most convenient in the current simulations. The contact algorithm is implemented as a two-
pass algorithm. Each side of the contact is in turn treated as the master surface. The thermal contact
uses a contact resistance when the surfaces are in contact. No radiation is included in the heat
transfer between the surfaces. The full Newton-Raphson procedure is used for the solution of the
non-linear system of equations.

Two different models have been used with SiMPle. In the first model a pre-defined crack path using
a tied slide-line is used in order to simulate crack initiation and propagation in the same way as in
ABAQUS. The geometry and cutting parameters are the same as in the ABAQUS model. The other
model uses continuous re-meshing, in order to form the chip. The used remeshing procedure was
described in section 3.3. The material is treated as a thermo-elastic-plastic material with
temperature dependent properties in both models. This is the same model as used in ABAQUS, See
Figure 1. and Tables 1-3 for the used data.

4.3.1  SiMPle with pre-defined crack path

This is the same approach as used by ABAQUS. The slide line is separated when the combined
normal and shear stress, Eq. 1, at a specified distance in front of the crack tip exceed the ultimate
strength of the material. The friction coefficient between the insert and the work piece material is
assumed to be constant µ=0.3. Heat is generated due to plastic dissipation, and friction between the
insert and the chip, this can be seen in Figure 7. The largest temperature, near 650oC, is
concentrated within the secondary deformation zone, due to the friction. The state of effective
plastic strains is presented in Figure 8. The largest accumulated plastic strains occur within the tool-
chip interface. The average amount of plastic strains at this region is about 250%. Strains in the chip
interior remain within the range of 100-200% upon exit from the primary shear zone.
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FIGURE 7. Contour of temperatures using SiMPle with a pre-defined crack path

FIGURE 8. Contour of effective plastic strain using SiMPle with a pre-defined crack path

4.3.2  SiMPle with continuous remeshing

The plastic deformations are assumed to be the only cause of chip formation in this model. A so-
called 'cut-off' plastic strain, equal to the ultimate failure strain of material at different temperatures,
is introduced. This means, the stresses cannot increase any further when the cut-off plastic strain is
reached; see Figure 1. In order to investigate the effect of friction coefficient on the forces and
temperature development at the secondary deformation zone, the friction coefficient on the tool-
chip interface is assumed to be 0.3 in one model and 1.0 in the other model. The minimum element
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size is 10 µm. The length of the time steps is in order of 1 µs. Average temperature along the tool-
chip interface is near 450oC when using the friction coefficient of 0.3, see Figure 9. The largest
accumulated plastic strains occur within the boundary layer adjacent to the tool, see Figure 10.
Strains in the chip interior remain within the range of 100-200% upon exit from the primary shear
zone.

FIGURE 9. Contour of temperatures using SiMPle. Friction coefficient µ=0.3

FIGURE 10. Contour of effective plastic strains, using Simple. Friction coefficient µ=0.3
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FIGURE 11. Contour of temperatures using SiMPle. Friction coefficient µ=1.0

FIGURE 12. Contour of effective plastic strains, using Simple. Friction coefficient µ=1.0

The average temperature along the tool-chip interface when µ=1.0 is near 550o C, the highest
temperature at this region is about 1100o C, see Figure 10.
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5.  Results and discussions
It can be seen in Table 5-6. that the computed cutting forces are lower than the measured. The
models with a friction coefficient of 0.3 gave lowest forces. It is possible to estimate from the
measured forces that this coefficient is too low. However, using a higher friction coefficient in the
simulations with a pre-defined crack path caused numerical problems. A higher friction coefficient
causes the stagnation of chip in the secondary deformation zone, see Figure 13. As a consequence
the part of the model corresponding to the chip wants to buckle and separate from the work piece
along the whole tied interface. The chip was sliding upward along the tool. The same problem will
not happen in the model by using continuous remeshing and a higher friction coefficient can be
used in these simulations with increased cutting forces as a result. 

FIGURE 13. Chip Stagnation within a Pre-defined crack path simulation, using a friction 
coefficient of m = 1.0

The lamina structure of the chip formed by a thermo-plastic shear localisation at the primary
deformation zone was not obtained by any of the simulations in this study. This may be due to the
need for damage and strain-rate effects in the material model.

All the simulations predict the largest accumulated plastic strains within the secondary deformation
zone. Strains at the primary deformation zone remain within the range of 100%-200%. However,
the average temperature in the primary deformation zone within all simulations is near 300oC. The
average temperature of the secondary deformation zone is near 550oC. 

TABLE 5.  Measured and computed parameters using a pre-defined crack path and µ=0.3

Measured ABAQUS SiMPle
Cutting force Fc  [N] 1450 1050 850

Feed force Ff  [N] 755 200 200

Chip thickness ratio Λ 1.98 2.0 2.0
Shear plane angle Φ 30o 30o 30o 

Contact length lc 0.58 0.6 0.59

Chip stagnation

Crack propagation
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6.  Future work
The future work will focus on crack initiation/propagation using damage mechanics, as this is
expected to give more realistic prediction of machining parameters such as, chip morphology,
cutting forces and residual stresses. This will be combined with the model using continuous
remeshing for chip formation, which is very useful tool to model the shear localization and crack
propagation.

Furthermore, it is necessary to include strain rate dependent material model in SiMPle in order to
include all the effects of varying the cutting velocity. Material modelling and obtaining the material
parameters for different temperatures and strain rate by means of experiments and inverse
modelling is also important for improving the accuracy of the results. The ultimate ambition of the
research work is to develop a three dimensional finite element model of mechanical cutting. This
can be used as a tool to increase the understanding of the cutting process.
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1 INTRODUCTION

Machining operations are widely employed in indu-
stry for the production of a variety of engineered pro-
ducts. The performance of these cutting operations is
often characterised by such measures as machined
surface finish, cutting forces, tool life, etc. The resi-
dual stresses and surface finish can significantly af-
fect the resistance of material to failure when
subjected to high cycle fatigue loads. The fatigue
crack, in general, initiates at the surface of the compo-
nents and propagates into the material. If the surface
residual stress is tensile and further tensile stresses are
applied, then due to the loading fatigue resistance
may be significantly reduced. Henriksen (1951)
found that the main residual stress in the work mate-
rial was caused by the machining, which induced the
plastic deformation of a surface layer. Furthermore,
the geometrical accuracy of the components will also
be influenced by the residual stress distribution. 

In this investigations the residual stresses in stain-
less steel AISI 316L have been studied as a function
of cutting speed. The experimental result from an X-
ray inspection of the surface was compared with the
results from the finite element simulations. 

Simulation of mechanical cutting process using the
finite element method is a challenge both from nume-
rical and modelling perspective. Due to extremely lo-

calised deformation, it is necessary to have a very
good adaptive meshing capability. An appropriate so-
lution is a frequent updating of the FE- mesh in which
the element topology is either changed or preserved,
(Kalhori & Lundblad 2000). 

Furthermore, the contact algorithm must be imple-
mented in such a way that it is stable, allowing as lar-
ge time steps as possible. The modelling of the
material behaviour and the chip formation process is
complex. The varying temperature and the high strain
rates make it difficult to obtain material properties for
the corresponding conditions. The modelling of the
chip formation can be done in several ways. The chip
separation can be modelled by a predefined tied con-
tact interface that is untied when some criteria are ful-
filled. A better approach is to use the remeshing logic
itself together with plastic strains to model the chip
formation, (Kalhori & Lundblad 2000). 

Kalhori et al.(1997) simulated orthogonal cutting,
see Figure 1, as a one layer removal. The workpiece
did not have any initial stresses. This is not true for a
cutting process (except at the start), as the surface
may have residual stresses from the previous cutting.
This is obvious from Figure 1, where the tube end tur-
ning is continuing for more than one revolution. The
current study is performed in order to check whether
the residual stresses from previous cutting, will affect
the chip formation process or the residual stresses.

ABSTRACT: 
The main objective of this study is to investigate the effect of previous cutting has to be taken into account when
simulating orthogonal cutting. Simulations are performed with the purpose of investigate the chip formation
process and to find the residual stresses on the surface of the work piece. An implicit finite element code with
special remeshing capabilities enabling the simulations has been used in the work.

Effect of previous cutting on chip formation

Vahid Kalhori
Department of Mechanical Engineering, Luleå University of Technology, SE-971 87 Luleå, Sweden
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Figure 1. Orthogonal cutting, end tube turning.

Figure 2. Schematic sketch of orthogonal cutting.

2 EXPERIMENTS

The workpiece material SANMAC 316L was a mach-
ine-ability improved AISI 316L stainless steel.The
properties of work piece material at room temperature
are shown in Table 1. The strain-stress relation at dif-
ferent temperatures is presented in Figure 3.

Figure 3. True strain vs true stress for SANMAC 316L at
temperatures, 23oC, 200oC, 400oC, 600oC and 800o C.

The used insert was TNMG 160408-QF in grade
235 produced by SANDVIK Coromant. It has an edge
radius of 45 µm and a rake angle of +6o and with 0.2
mm wide chamfer with -6o rake angle.

Figure 4. Insert geometry of a TNMG 16408-QF from
SANDVIK Coromant in grade 235.

A cylindrical workpiece was first turned to remove
the hardened surface and then it was turned to a pipe
form with large diameter. Finally, orthogonal cutting
was achieved by turning the end of the pipe. The cut-
ting data is presented in Table 2.

Cutting forces were measured with a Kistler dyna-
mometer in a lathe in three directions, cutting, feeding
and passive. 

Since the Kistler dynameter has a low bandwidth a

Table 1. Material properties for SANMC 316L at room 
temperature.

σ0 Yield stress 240 MPa

E Young’s modulus 186 GPa

ν Poisson’s ratio 0.30 -

Cp Heat capacity 445 J/kgoC

α Thermal expansion 16.5e-6 1/oC

λ Thermal conductivity 14 W/oCm

δ Density 7900 kg/m3

f = h 1

v c

Φ

h 2

lc

re

α

γ

Table 2. Used cutting data in experiments and simulations

Test no
Cutting speed Feed Cutting depth

1 120 0.15 3.0

2 180 0.15 3.0

vc m min( )⁄[ ] fn mm( ) rev( )⁄[ ] ap mm[ ]
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300 Hz low pass filter was used to avoid influences
from resonance in the machine tool and cutting tool.
Quick-stop tests were performed in order to capture
the chip morphologies and to measure residual stres-
ses on surface where the insert has only passed under
full cutting. The Quick-stop specimens were cut out
from the work pieces, grounded, polished and etched
and studied in microscope. 

X-ray diffraction was used to find the residual
stresses of the surface layer. X-ray diffraction measu-
res change in the spacing of atomic planes in the metal
crystal from which the stress can be calculated. The
measurements were performed using a Siemens
D5000 with an Ω geometry with 11 Ψ-tilting in the re-
gion of 45o to 43o, with a step length of 0.08o and a
time step of 30 s, and CuKα radiation. Primary a sol-
ler slit and a 1 mm divergence slit were used and se-
condary a fin film attachment (0.40o) LiF-
monochromator with scintillation detector was used.
The scanned surface area was 2 by 15 mm with a pe-
netration depth of approximate 5 µm.

3 SIMULATIONS

The finite element program SiMPle has been used in
the simulations. This is an implicit finite element
program, which solves coupled thermo-mechanical
problems. It is a solid formulation and uses an
updated Lagrangian mesh. The full Newton-Raphson
procedure is used for the solution of the nonelinear
system of equations. 
A staggered method for coupled transient

mechanical and heat transfer analysis is utilised. An
isothermal mechanical step is taken followed by a
rigid transient heat transfer step with heating from
plastic work and friction.
The material model accounts for thermo-elasto-

plastic strains using an isotropic von Mises plasticity
formulation. The material properties are temperature
dependent and thereby it also accounts for thermal
softening. The strain rate effect on the flow stress is
not taken into account in the material model. 
The used element is a four to eight node quadrilateral

solid element with piecewise bilinear shape functions
(McDill & Oddy 1987). The volumetric strain field is
underintegrated in order to avoid locking due to the
plastic incompressibility. The special shape functions
applied in the element makes it straightforward to
create a graded mesh as an element with three nodes
along a side can be joined to two elements, each with
two nodes along this side. No additional constraints
are required for interelement compatibility. The mesh
regeneration scheme is described in McDill & Oddy
(1987). It has been extended with additional r- and h-
adaptive mesh regeneration, so called, advance front
technique. 
Triangular elements are usually used in adaptive

meshing. However, quadrilateral elements are

preferred over triangular elements when dealing with
plasticity (Cifuentes & Kalbag 1992), (Benzley et.al.
1995). 
Both Augmented Lagrangian technique (Simo &

Laursen 1992), (Laursen & Simo 1993), (Laursen
1994), (Laursen & Maker 1995) and pure penalty
formulation (Crisfield 1997) are implemented in the
mechanical contact algorithm. The penalty
formulation was used in the present simulations. The
contact algorithm is implemented as a two-pass
algorithm. Each side of the contact is in turn treated as
the master surface by the algorithm. The thermal
contact uses a contact resistance when the surfaces are
in contact. 

4 RESULTS 

The chip morphology obtained from the so called
quick-stop experiments is shown in Figure 5. 

The lamina structure of the chip is formed by a
thermo-plastic shear localisation at the primary defor-
mation zone. At this region the work material is sub-
jected to large shear deformation at a high strain-rate
(usually around 103 - 105). The temperature rise is
mainly due to the heat generated by plastic deforma-
tion. Sliding of the chip along the interface between
the workpiece and the insert also generates heat due
to the friction, at the secondary deformation zone.
The insert/chip interface is usually divided into a
sticking region and a sliding region, see Figure 6. In
the sticking region, the work piece material adheres to
the tool and shear occurs within the chip, the frictional
force is high and so is the heat generation. The highest
temperature in the chip usually occurs in the sliding
region, see Figure 7.

Figure 5. Chip morphology from quick-stop. The feed is 0.15
mm and the cutting speed is 180 m/min.
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Figure 6. Definition of the primary and the secondary defor-
mation zone and the sliding & sticking region.

Figure 7. Contour of temperature distribution at the second
layer removal. The feed is 0.15 mm and the cutting speed is 180
m/min.

Figure 8. Contour of effective plastic strain at the second lay-
er removal.The feed is 0.15 mm and the cutting speed is 180 m/
min. 

However, the lamina structure of the chip found in
the experiments is not obtained in the simulations.
This may be due to the lack of strain rate dependency
in the material model and possibly damage mecha-
nics. It is also known (Vaz Jr et. al 1998) that the
width of the shear band is strongly mesh dependent. 

The shear localisation of the primary deformation
zone results in a fluctuation of the cutting forces with
the same frequency as that of lamina forming. This
can be observed by the determined cutting force dia-
gram from the simulations, Figure 9. This high fre-
quency force fluctuation can not be measured by the
relatively slow cutting dynamometer. Therefore, the
measured cutting forces are average forces. These to-
gether with computed average cutting forces are pre-
sented in Table 3.

The results of x-ray diffraction measurements of
the specimen surface are presented in Table 4. To the
listed deviation an error of  MPa shall be added.
The residual stresses from simulations in Table 4, and
Figure 10 are taken at positions of a typical stress dist-
ribution along a line perpendicular to the surface of
the work piece. The fluctuation of the stresses in the
cutting direction can be seen in Figures 11-12.

Figure 9. Simulated force for a cutting speed of 180 m/min
and a feed rate of 0.15 mm/rev. First layer is removed during 0.
to  s, and the second layer is removed during  s to

 s.

Chip

Sliding
region

Sticking
region

 

Primary
deformation zone

Secondary
deformation
zone

Workpiece

Insert

Table 3. Measured cutting forces in cutting and feed direction 
compared to predicted average cutting forces from simulations.

Test no Measured Simulated

Fc (N) Ff (N) Fc (N) Ff (N)

1 1005 729 850 400

2 890 584 500 250

50±

1 3–×10 1 3–×10
2 3–×10
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Figure 10. Simulated residual stress σxx vs distance from sur-
face for simulated machined surface after cool down. The feed is
0.15 mm and the cutting speed is 180 m/min.

Figure 11. Residual stress σxx in cutting direction of machi-
ned surface after specimen cooled down to room temperature.
Used cutting data are a cutting speed of 120 m/min and feed rates
ff of 0.15 mm/rev.

Figure 12. Residual stress σxx in cutting direction of machi-
ned surface after specimen cooled down to room temperature.
Used cutting data are a cutting speed of 180 m/min and feed rates
ff of 0.15 mm/rev.

Figure 13. Simulated residual effective plastic strain ε vs dis-
tance from surface for simulated machined surface after cool
down. The feed is 0.15 mm and the cutting speed is 180 m/min.

5 CONCLUSIONS

The low heat transfer rate of stainless steel AISI 316L
causes the shear deformation process in the primary
deformation zone to localise in thin layer making the
cutting process non-stationary and the chip irregular.
The residual strains and stresses vary on and under the
surface along the cutting direction. The residual stres-
ses obtained with X-ray diffraction measurement are
average value for the measured surface. Both measu-
red and computed residual stress level increases with
cutting speed, but the computed value is much higher
than the measured stress. It is only the heat conduc-
tion that gives a difference between different cutting
speeds in the current model. There is no rate-depen-
dency in the material model or inertia forces included.
Neither is damage accounted for. The only softening
process is thermal softening. It is assumed that the
material will reach a constant hardening when the
stress-strain reaches a certain value.

As it is shown in Table 4, the residual stresses for
the second pass is about 15% lower than the residual
stresses for the first pass. The values for residual
stresses are those taken when the material has cooled
to room temperature. The measured and computed

Table 4. Residual stress on machined surface measured with X-
ray diffraction compared to residual stress from simulation with 
SiMPle.

Specimen Measured
σ (ΜPa)

Calculated
σ (ΜPa)
Pass 1

Calculated
σ (ΜPa)
Pass 2

1 130 750 650

2 138 780 670

8±

9±
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cutting forces decrease at higher cutting speed, but
also here the computed value was lower than the me-
asured. A friction coefficient of 0.5 was assumed in
simulation. This together with the lack of rate-depen-
dent material model may explain the difference. Ho-
wever, the chip formation was not affected by the first
pass. The cutting forces became lower at the second
pass. The reduced cutting forces may be explained as
follows. The first passes causes some hardening and
thereby an increased yield strength of the material.
This would increase the cutting forces. However, the
existing residual stresses are such that it is easier to
create a plastic deformation during the second pass.

The main conclusions in this study of the effect of
previous cutting on subsequent layers are as follows.
The chip formation is not affected much. There is
only a minor influence from the residual stress on the
surface from the first cutting on the second pass chip
formation. This influence is negligible. The residual
stresses are affected more in the current model. But
this influence is expected to be smaller when an
appropriate material model which includes rate-de-
pendency and damage effects is implemented. Thus
one can probably ignore the effects of previous cut-
ting on a surface for the studied process. This conclu-
sion is limited to this 2d model where the fixture of
cutting tool is completely rigid and there is no 3d geo-
metry effect causing varying chip thickness.
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Abstract 
 
Residual stresses from machining may have a great influence on component fatigue life. It is 
therefore important to understand how they depend on the cutting process. The influence of the 
cutting speed and feed on the residual stresses is studied in this work. The material of the work 
piece is the stainless steel. Cutting experiments in laboratory with following measurements as well 
as finite element simulations are used and also compared with each other.  
 
KEY WORDS: Finite element method, Metal cutting, Residual stress, X-ray diffraction 
 
 

 

1. Introduction 
 
Stainless steel is widely used in process industry and in power plants for parts needing both good 
mechanical properties and high resistance to corrosion. However, during machining these good 
qualities may be reduced since large tensile residual stresses can be introduced in cutting 
operations. These residual stresses can cause severe failures due to fatigue and stress corrosion. It 
is therefore important to know and even better to control the residual stress state in the machined 
part so failures can be avoided. The cutting process is studied in order to understand and to control 
the residual stresses. This may be done through measurements and/or finite element simulations of 
the cutting process. Both of these approaches are difficult due to large plastic deformations 
together with high strains and strain rates in combination with rapid temperature changes.  
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Measurements in the cutting zone during cutting are very difficult to perform because of the 
hostile environment with high temperature and pressures. The cutting insert is plowing through the 
work piece material compressing and shearing the material up front in the primary deformation 
zone, see Figure 1, before the chip is separated from the work piece. The large compressive and 
shearing loads deforming the material plastically in the primary deformation zone in front of the 
tool but also beneath the cutting edge. Instead so have indirect quantities been studied or 
measurements have been done after the cutting is finished in order to build know-how about the 
cutting process. They are for example, cutting forces, tool wear and surface integrity. Reports from 
experiment based work [1-2] aim at relating the surface integrity/residual stress to the used 
machining parameters.  
 
 
 
 

Primary  
deformat ion  
zone 

Work piece 

Cutting insert 

Chip 

 
 
 
Figure 1. Cutting insert cutting a chip. Primary deformation zone up front of cutting edge. 
 
 
Finite element models of the cutting process can give more information than experiments but also 
require more knowledge of material behaviour, friction etc. The special conditions in the process 
zone require finite element codes with thermal mechanical coupling and remeshing capabilities. 
Models that describe deformation hardening, thermal softening and heat transfer are also needed. 
This is important when forecasting the cutting process with the chip forming and separating from 
the work piece. 
 
After the cutting operation the work piece surface cooling down to room temperature is simulated 
to obtain the final residual stresses of the work piece. In this study, the influence of the cutting 
speed and feed on the residual stresses has been computed and verified by the experiments. The 
explicit finite element code AdvantEdge was compared with the implicit in-house finite element 
code SiMPle. It is shown that the state of residual stresses in the work piece increases with the 
cutting speed. 
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Since in most machining cases the surface of a work piece is generated by the minor cutting edge, 
see Figure 2, low feed rates was chosen for the machining experiments and simulations. The 
experimental set up is such that a 2D, plane strain finite element model can be used.  
 

Major 
cutting edge 

Minor 
cutting edge 

Feed 
direction 

Insert 

Work piece 

 
 

 
Figure 2. Major and minor cutting edges in turning operation. 
 

2. Experiments 
 
Tensile tests at a very low strain rate were performed in order to obtain material properties for the 
work piece. Furthermore, the experiments were also done to decide the cutting forces, chip 
morphology and residual stresses on the surface of work piece.  
 
The used work piece material SANMAC 316L is a machine-ability improved AISI 316L stainless 
steel manufactured by SANDVIK Steel. Material properties for SANMAC 316L obtained in 
tensile testing are given in Figure 3 and Table 1. These data show the tensile properties of the work 
piece. No tests for varying strain rates were performed.  
 

 
Table 1. Material properties for SANMAC 316L at room temperature 

σ0 Yield stress 240 MPa 
E Young’s modulus 186 GPa 
ν Poisson’s ratio 0.30 - 
cp Heat capacity 445 J/kg°C 
α Thermal expansion 16.5e-6 1/°C 
λ Thermal conductivity 14 W/°Cm 
ρ Density 7900 Kg/m3 
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Figure 3. True strain ε vs. true stressσ, for SANMAC 316L for different temperatures. 
 
 
The used insert was TNMG 160408-QF in grade 235 produced by SANDVIK Coromant. The 
geometry of the insert is shown in Figure 4.  
 
 
 

 
 
Figure 4. Insert genometry of a TNMG 160408-QF from SANDVIK Coromant in grade 235. The 
insert has a edge radius of 45 µm and a rake angle of +6° and with a 0.2 mm wide chamfer with -
6° rake angle. 
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To mimic plain-strain 2D conditions orthogonal cutting was employed. The work piece periphery 
was first turned to remove the hardened surface and then it was turned to a pipe form with large 
diameter. Finally, orthogonal cutting was achieved by turning the end of the pipe shaped work 
piece with the insert put into a devise for making quick stop by blasting the insert and the holder 
away from the cutting zone. Used cutting data are presented in Table 2. 
  
 

Test no Cutting speed Feed Cutting depth
v c [m/min] f n [mm/rev] a p [mm]

1 120 0.05 3.0
2 120 0.15 3.0
3 180 0.05 3.0
4 180 0.15 3.0
5 240 0.05 3.0
6 240 0.15 3.0  

 
Table 2. Used cutting data in experiments and simulations. 
 
Cutting forces were measured with a Kistler dynamometer in a lathe in three directions, cutting, 
feeding and passive. Since the Kistler dynamometer has a low bandwidth a 300 Hz low pass filter 
was used to avoid influences from resonance in the machine tool and cutting tool.  
 
Quick-stop tests were done to capture chip morphologies and to measure residual stresses on 
surfaces. The Quick-stop specimens were cut out from the work pieces, grounded, polished and 
etched and studied in microscope.  
 
To find the residual stresses in the surface layer x-ray diffraction was used. The hardness was 
measured at a line perpendicular to the surface in order to get an estimate of the depth of the 
machine-affected zone. X-ray diffraction measures change in the spacing of atomic planes in the 
crystal. This change of spacing between the atomic planes represents elastic strain in the crystal 
from which the stress can be calculated. The x-ray diffraction measurements were done using a 
Siemens D5000 with a Ω geometry with 11 ψ-tilting in the region of -45° to 43°, with a step 
length of 0.08° and a time step of 30 s, and CuKα radiation. Primary a soller slit and a 1 mm 
divergence slit were used and secondary a fin film attachment (0.40°) LiF-monochromator with 
scintillation detector was used. The scanned surface area was 2 by 15 mm with a penetration depth 
of approximate 5 µm.  
 

3. Finite element simulations 
 
The finite element method is a powerful technique for the numerical solution of a variety of 
engineering problems. This has been applied to simulate machining process with some success 
during the last decades. FEM seems to be suitable for analysing the state of stress and deformation 
in the cutting system. In the current studies, the finite element codes AdvantEdge and SiMPle were 
used to compute the state of residual stresses in work piece material since it is cooled down to the 
room temperature. The plain-strain 2D model was used. The continuous mesh updating is used to 



6 
 

model the chip formation. Earlier studies [3] have used a predetermined parting line between work 
piece and chip. 

3.1 AdvantEdge 
 
This commercial software is developed for simulation of mechanical cutting. AdvantEdge 
machining modelling software uses two-dimensional Lagrangian explicit finite element analysis. 
The material model accounts for elasto-plastic strains and has an isotropic power law for strain 
hardening. The strain rate also affects the flow stress. The material properties are temperature 
dependent and thereby it also accounts for thermal softening. A staggered method for coupled 
transient mechanical and heat transfer analyses is utilised. First an isothermal mechanical step is 
taken followed by a rigid transient heat transfer step with constant heating from plastic work and 
friction. Both steps have identical meshes. Central difference schemes are used for the time 
integration for each of the staggered steps. A six-node quadratic triangle element with three 
quadrature points is used. The mesh, which becomes very distorted around the cutting edge, is 
periodically updated both refining large elements and coarsening small elements. The coefficients 
for the material models for 316L and cemented carbide are included in a database of the software. 
The model in AdvantEdge includes strain rate dependency and the parameters are obtained from 
experiments performed by others [4]. 
 
For this simulation a power viscosity law [5] constant rate sensitivity exponent was chosen. It is 
written as 
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and a power hardening law with a cut off strain εp

cut at which the increase in deformation 
hardening stops. The strain hardening and temperature dependency of the plastic flow properties 
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Where 
 

( ) 5
510 ... TcTccT +++=Θ  (3) 

 
The temperature dependencies of thermal properties of the work piece material were also modelled 
with polynomial functions, see Eq. 4-6. 
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( ) ( )5
510 ... TCpTCpCpCpTCp +++=  (4) 

( ) ( )5
510 ... TTT λλλλλ +++=  (5) 

( ) ( )5
510 ... TTT ααααα +++=  (6) 

3.2 SiMPle 
 
SiMPle is an in-house research code with similar features as AdvantEdge. However, it is an 
implicit finite element program. The Newmark method is used. The simulations are performed by 
a graded element [6]. This is a four to eight node quadrilateral element with piecewise bilinear 
shape functions [6]. The volumetric strain field is under integrated in order to avoid locking due to 
plastic incompressibility. The special shape functions applied in the element makes it 
straightforward to create a graded mesh as an element with three nodes along a side can be joined 
to two elements, each with two nodes along this side. No additional constraints are required for 
inter-element compatibility. Thus, graded elements are specially designed for alleviating the 
creation of mesh with refined regions. The full Newton-Raphson procedure is used for the solution 
of the non-linear system of equations. The material is treated as a thermo-elastic-plastic material 
with temperature dependent properties.  No strain rate dependency is included in the material 
model.  

4. Results 
 
The morphology obtained both from machining experiments and simulations are shown in Figure 
5. In the cutting of stainless steel the shear deformation in the primary shear zone localises and 
forms lamina structured chips. The shear localisation makes the cutting forces fluctuate with the 
frequency of lamina forming which are in the range of 5-15 KHz. The cutting forces from 
simulations, see Figure 6, shows these fluctuations in cutting forces from the lamina forming. This 
high frequency force fluctuations cannot be picked up by the relatively slow dynamometer. 
Therefore, the measured cutting forces are average forces. These cutting forces are presented in 
Table 3. 
 
Test no Measured Simulated 

SiMPle 
Simulated 
AdvantEdge 

 Fc [N] Ff [N] Fc [N] Ff [N] Fc [N] Ff [N] 

1 422 390 400 290 420 380 
2 1005 729 780 400 860 470 
3 404 360 450 330 425 375 
4 890 584 780 400 840 460 
5 391 357 430 320 420 375 
6 857 520 770 390 845 475 

 
Table 3. Measured cutting forces in cutting and feed direction compared to predicted average 
cutting forces from simulation 
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( a )    ( b ) 
 

  
 

( c )    ( d ) 
 

      
 

( e )    ( f ) 
 

Figure 5. Chip morphologies from quick-stops (a-b), simulations with AdvantEdge (c-d) and 
simulation with SiMPle (e-f). The feed fn is 0.05 mm in a, c and e and 0.15 mm in b, d and f. The 
cutting speed vc is 240 m/min. 
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Figure 6. Simulated cutting force Fc and feed force Ff  using AdvantEdge (a-b) and SiMPle (c-d). 
The cutting speed is 240 m/min and the feed rate is 0.05 m/rev in a & c and 0.15 mm/rev in b & d. 
 
 
The hardness was measured at a line perpendicular to the surface in order to get an estimate of the 
depth of the machine-affected zone. The work piece material has an increased hardness down to 
about 0.15 mm from the surface, see Figure 7. In Figures 8-9 the strains under the surface are 
presented as a function of distance from the machined surface. Since stainless steel has a large 
deformation hardening plastic deformation extends deep down into the work piece material. At a 
plastic strain of 5% the yield stress has increased from 240 MPa to over 400 MPa. Plastic strain 
levels of 5% are found at a depth of 0.125 mm for a feed rate of 0.05 mm/rev and at a depth of 
0.25 mm for a feed rate of 0.15 mm/rev.  
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Figure 7. Micro hardness measured with Vickers using a load of 0,3 kg vs. depth from surface of 
specimen. 
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Figure 8. Simulated residual strain ε vs. distance from surface for simulated machined surface 
after cool down using AdvantEdge. 
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Figure 9. Simulated residual strain ε vs. distance from surface for simulated machined surface 
after cool down using SiMPle. 
 
The results of X-ray diffraction measurements of the specimen surfaces were evaluated using 
elliptical fitting. The results presented in Table 4 have the deviation from the fitting listed as ± 
value. To the listed deviation an error of ±50 MPa shall be added. The fluctuation of the stresses in 
the cutting direction can be seen in Figure 10. The averaged residual stresses from simulations in 
Table 4 and Figures 11-12 are taken at positions of a typical stress distribution along a line 
perpendicular to the surface of the work piece.  
 
 

 
 
Figure 10. Computed residual stress σxx using SiMPle, on the work piece surface after specimen 
cooled down to room temperature. The cutting speed vc is 120 m/min and feed rates is 0.05 mm/rev 
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Figure 11. Computed residual stress Sxx in cutting direction vs. distance from surface for 
simulated machined surface after work piece has cooled down using AdvantEdge. 
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Figure 12. Computed residual stress Sxx in cutting direction vs. distance from surface for 
simulated machined surface after work piece has cooled down using SiMPle. 
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Table 4. Measured and computed residual stresses on machined.  

5. Conclusions 
 
The low heat transfer rate of stainless steel 316L causes the shear deformation process in the 
primary shear zone to localise in thin layers and thereby making the cutting process non-stationary 
and the chip irregular. This shear localisation makes the residual strain and stresses vary at and 
under the surface along the cutting direction. This makes it difficult to determine a representative 
value for the residual stress level on the machined surface in the simulations. The residual stresses 
attained with x-ray diffraction measurement are average values for the measured surface. The high 
residual stress level in the cutting direction for the lower feed within simulations performed by 
AdvantEdge is interesting since it is contradictive to other reports [2,7]. The measured residual 
stress level increases with cutting speed whereas the computed value decreases. However, the 
measured forces decrease. The deviations between measured and computed residual stresses in 
AdvantEdge may be due to uncertainties in the material modelling and possible phase 
transformations in the work piece. However, the computed results by SiMPle indicate an increase 
of residual stress level when the cutting speed is increased as in the measurement. It is only the 
heat conduction that gives a difference between different cutting speeds in this model. There is no 
rate-dependency in the material model or inertia forces included. Neither is damage accounted for. 
The only softening process is thermal softening. It is assumed that the material will reach a 
constant hardening when the stress-strain reaches a certain value. Thus it may be difficult to say 
whether the increase in residual stress with velocity in the simulations using SiMPle will remain 
when its material model is improved. 
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Specimen Measured Calculated 
AdvantEdge 

Calculated 
SiMPle 

 σ [MPa] σ [MPa] σ [MPa] 
1 361 ± 17 640 130 
2 130 ± 9 179 200 
3 629 ± 28 550 630 
4 138 ± 8 164 600 
5 703 ± 31 240 680 
6 500 ± 25 171 690 
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